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ABSTRACT
Chelating Ligands and Nanomaterials Based on Graphene Oxide for the Reduction and
Sequestration of Radiometals and Protein Purification
by
Sam Groveman

Advisors: Michele Vittadello and Lynn C. Francesconi

Nuclear waste remediation and protein purification using immobilized metals can benefit
enormously from the design and implementation of novel chelating nanomaterials. Available
commercial resins capable of sequestering metals are based on bulk materials such as organic
polymers, ceramics, and their composites. The use of two-dimensional nanoplatforms with large
surface areas expands the horizon for the research and development of new systems with higher
efficiency and lower cost. Fundamental science challenges remain in the synthesis and
characterization of these nanomaterials and their integration with known or novel coordinating
ligands.
Chemical exfoliation of graphite under strong oxidizing conditions yields graphene oxide
(GO) nanosheets with oxy functional groups on the carbon basal plane and edges. The structure of
GO is still not well understood due to its non-stoichiometric nature and strong dependence on
synthetic conditions. Herein, GO was investigated to better understand its mechanism of
formation, the nature of its surface functional groups, and its suitability as a reduction and
sequestration platform for radiometals and protein purification. It was found that ozonolysis of
graphite in the widely-used Hummers’ method, hitherto largely overlooked in the literature, leads
to the formation of secondary epoxy and peroxymonosulfate ester functional groups, arising from
iv

a rotationally hindered Criegee intermediate and sulfuric acid in a strongly favored thermodynamic
process. This mechanistic step is followed by the formation of adjacent epoxy and hydroxy groups
as major functionalities on GO via a radical process, and leaves a significant amount of unreacted
peroxides above levels previously recognized. The thermal decomposition of GO releases sulfur
oxygen species (SO2 and SO), but does not appear to release ozone even if this reaction pathway
is moderately favored thermodynamically. A new structural model is proposed for GO based on
detailed chemical and spectroscopic data that provides insight into observed chemical reactivity
and physical properties, including the antimicrobial activity and protein deactivation.
Titanium dioxide (TiO2) is a widely studied semi-conductor photoreductant with
applications in water splitting and decomposition of organic compounds. It has been previously
demonstrated that TiO2 can reduce the radioactive waste metal

99

Tc under UV irradiation.

Monodispersed TiO2 anatase nanoparticles were synthesized on the GO surface, showing excellent
coverage and strong binding to the carbon basal plane, yielding TiO2/GO nanocomposites (TGO).
TGO is characterized by an absorption window shifted to the visible region of the spectrum
compared to pristine TiO2. Results show that TGO can reduce up to 40% of 99Tc from its oxidized
form pertechnetate (TcO4-) under UV irradiation, but photocatalyzes little reduction of 99Tc under
visible light conditions.
The chemistry of chelates for radiometals has important impacts on radioactive waste
cleanup and radiopharmaceutical design. It is well known that within Group 7 congeners Re and
Tc are characterized by similar physical-chemical properties. Thus, natural Re (37.4% 185Re and
62.6% 187Re) is commonly used as a non-radioactive analogue of 99Tc. Further, the radioisotopes
186

Re and 188Re are important medical isotopes for radiotherapy. In this investigation, the binding

stability of natural Re was compared with that of

v

188

Re using two classes of chelates. Novel

compounds with two nitrogen and two sulfur binding sites (N2S2) and known tripeptides with three
nitrogen and one sulfur binding sites (N3S) were evaluated. It was shown that

188

Re complexed

with N3S ligands at tracer levels (≤ nanomolar concentration) proved to be unstable after a few
hours, in contrast to previous studies with macroscopic amounts of natural Re which demonstrated
greater stability. The N2S2 chelates appeared to stably bind 188Re at tracer levels, indicating a more
resilient behavior towards the radiometal at the tracer level compared to N3S chelates.
GO has been recently proposed as a support for immobilized metal affinity
chromatography (IMAC) resins which are widely used adsorbent materials for protein purification
processes. The typical IMAC resin is based on three-dimensional polysaccharide beads containing
metal-coordinating ligands. The two-dimensional nature of GO has the potential for minimizing
the amount of supporting material with respect to the metal-binding ligands and maximizing the
capture of target proteins. Here, four new IMAC resins were synthesized and characterized based
on GO and carboxylated GO (CGO) functionalized with mono- and bis-nitriloacetic acid sites
(NTA and bis-NTA). The ligand bis-NTA is proposed here for the first time. Morphological,
structural, vibrational, and spectroscopic studies were conducted on these IMAC resins revealing
their different level of suitability for protein purification applications. Elemental analysis revealed
a nickel content as high as 58.6 mg/mL of resin, at least one or two orders of magnitude higher
than common commercially available resins (0.35 to 1.06 mg/mL). The GO and CGO-based resins
were employed in the purification of e-green fluorescence protein (eGFP) in batch mode. The
protein loading was as high as 50.3 mg/mL of resin with the CGO-based bis-NiNTA resins. These
results indicated that the increase in nickel content has already translated to an amount of eluted
protein at least on par with commercial resins in the purification of eGFP. It should be pointed out
that the comparison between performance parameters of 2D-nanomaterials and macroscopic

vi

spherical beads is generally underestimated because it does not consider the differences in packing
factors and swelling properties. It is expected that future resin optimization of the chemical
conditions for protein purification, especially reduction of non-specific binding by use of
surfactants, will increase protein loading to levels much superior to commercially available IMAC
resins. The possibility of using our IMAC resins in radioisotope waste remediation was also tested.
Initial results indicate that CGO, and to a lesser extent GO-NTA and CGO-NTA, can be used to
effectively capture reduced 99Tc (63%, 44%, and 37% of control sample, respectively).
In this thesis, the following major results were achieved: First, an in-depth characterization
of GO and CGO is presented along with their mechanisms of formation. Second, GO was
combined with TiO2 to form TGO, a platform for the reduction of
binding of

188

99

Tc. Third, the tracer level

Re by N3S ligands was shown to be much less stable than at macroscopic levels,

while it is stable with the N2S2 ligands. Fourth, GO and CGO-based resins with NTA and bis-NTA
ligands were synthesized, characterized, and used for the purification of eGFP. The protein loading
capacity was at least as high as commercial resins, but was affected by a high non-specific binding.
Fifth, CGO exhibited an impressive binding affinity for reduced 99Tc. Overall, GO and CGO based
nanomaterials have been shown to have tremendous potential for radiometal reduction and
sequestration as well as protein purification.
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1

INTRODUCTION

Metal chelating materials have a broad and diverse range of applications. Graphene oxide
(GO) and GO derivatives have been used in the capture radiometals and protein purification. The
high surface area of GO-based nanosheets along with the oxygen functional groups on the surface
provides a chemically tunable support for metal coordination.
The presence of epoxide, hydroxyl, and carboxyl groups on the surface not only increases
the hydrophilicity of GO compared to graphite, but also provides sorption sites for the selective
binding of radionuclides.1 Thus far, U(VI) and Eu(III) have been the most widely studied nuclides,
and GO has been shown to be effective at directly adsorbing them.1-6 Direct capture onto the GO
surface has also shown promise for Th(IV), Pu(IV), Am(III), Np(V), Cs(I), and Sr(II).5, 6 Studies
were also conducted on the efficacy of direct sequestration of non-radiometals, including Ni(II),7
and Co(II),8 along with comparative investigations across the whole periodic table.9 Derivatives
of GO were used to sequester radiometals including GO nanoribbons,10 GO functionalized with
phytic acid,11 carboxylated GO (CGO), and reduced GO for U(VI).3 Also, GO functionalized with
poly(amidoxime) for Sr(II), Co(II), and Eu(III),12 and thiacalixarene-functionalized GO for
Nd(III), Sr(II), and Rb(II) were studied.13
99

Tc is a relatively high yield fission product of

235

U (6.2%), and a low energy beta

emitter.14, 15 The dominant ionic species of 99Tc, pertechnetate (99TcO4-), is highly environmentally
mobile, biologically available, and harmful in aerobic environments,16 so having effective means
of radioactive waste remediation is essential as nuclear power use continues to increase
worldwide.17 Despite favorable theoretical studies,17 GO has exhibited poor sorption for 99Tc(VII)
except at pH below 2. This is due to 99Tc(VII) existing as the 99TcO4- anion, which is only attracted
to the GO surface when it is protonated and therefore positively charged.6

1

In the field of protein purification, metal chelates have been used to design resins for
immobilized metal affinity chromatography (IMAC). When chelating a transition metal ions such
as Ni, Zn, Cu, Cd, Hg, and Co, these materials have the ability to selectively bind to the imidazole
or thiol group sidechain of histidine and cysteine respectively in a pH dependent manner providing
an effective method for chromatographic purification.18 This technology is of great importance
since protein purification has enabled much of the recent advancements in bioscience and
biotechnology, but still presents challenges in terms of performance characteristics such as sizedependent protein loading and metal loss during elution.19 Typical IMAC resins consist of a
scaffold, most often a polysaccharide such as agarose or sepharose gel, with metal chelating groups
attached capable of coordinating transition metals.19-21 The resins can be regenerated and reused if
the metals present a much higher affinity for the chelates on the gel than the protein to be purified.18
Recently, GO has been proposed as an alternative support to the polysaccharide gels, because it
offers many advantages over 3D materials such as increased surface area amenable to click
chemistry, increased protein loading, and the absence of size-exclusion effects.22 However, there
are disadvantages that need to be addressed including non-specific binding caused by hydrophobic
conjugate regions and protein denaturing functional groups on the GO surface. Precise structural
control of these functionalities, in spite of recent rapid advancements, is not yet available.23, 24
The objectives of chemistry research in devising new radiometal sorbents and IMAC
protein purification resins have significant overlap in spite of being distinct fields in the literature.
For radiometal capture, the metal in question can be recycled or stored indefinitely. In the former
case, the ideal ligand provides strong but reversible binding, while in the latter case the binding
needs to be strong and irreversible. In IMAC resins, metal coordination should be irreversible to
prevent contamination of biologics and at the same time specific enough to prevent cofactor

2

sequestration from redox protein targets.21,

25

Ligand specificity among radiometal capture is

important in order to prevent competing ligation from environmental metals. The ideal supporting
scaffold materials for radiometals requires easy extraction from water for decontamination
purposes. IMAC resin supports need to be amenable to chromatographic applications in column,
batch, sensor chip, and microplate formats.
In this thesis, the new concepts related to chelating nanomaterials are systematically
explored. The investigation of the structure and mechanism of formation of GO was intended to
lead to a deeper understanding of the functional groups present on the carbon basal plane (Chapter
2). This information provided groundwork for the design of improved methods for functionalizing
GO and synthesis of GO-based nanocomposites. The addition of TiO2 nanoparticles to GO can
expand their electronic absorption into the visible region of the spectrum for the photoreduction of
99

Tc, a critical first step for the chelation of the metal (Chapter 3). To help determine which chelate

system would be best suited for radiometal sequestration on GO, radiometal binding at the tracer
level was investigated using two NxS4-x chelate systems (Chapter 4). Protein incompatible moieties
(e.g. peroxides) on the GO surface were successfully removed by the synthesis of a highly
carboxylated CGO. GO and CGO based IMAC resins were then evaluated in protein purification
processes and 99Tc capture systems (Chapter 5).

3

2

THE ROLE OF OZONE IN THE FORMATION AND STRUCTURAL
EVOLUTION OF GRAPHENE OXIDE

2.1

Background
The great potential of graphene oxide (GO) in fields such as electronics and optoelectronics

is well recognized in connection with its solubility properties and the advantages associated with
material processing in hydrophilic media.26 GO is studied both as a precursor for graphene24 and
as a hole conductor in solar cells.27 Other applications of GO extend into the field of biotechnology
because its amphiphilic character allows stable adsorption of proteins and oligonucleotides to the
surface.28, 29 However, progress in biotechnology research is stalled by the finding that GO is a
very effective enzyme inhibitor.30 The antibacterial properties of GO have been linked to
noncovalent adsorption on the carbon basal plane.31 Also, residual oxidative debris in GO have
been linked to toxic effects toward proteins and human cell cultures.32 The present work provides
insights into the chemical reactivity of GO as another mechanism for enzyme inhibition and
antibacterial activities.
GO suspensions are often prepared by variations of the Hummers’ method which use
permanganate and sulfuric acid.24, 33 The mechanism of GO formation is still poorly understood
though the main steps are recognized.34, 35 It was proposed that graphite is first converted into a
sulfuric acid/graphite intercalation material mediated by the generation of inorganic sulfates34 in
the exposed cavities, leaving room for the subsequent two-step oxidation of the carbon surface by
manganese species.35 Acidic water solubilization completes the exfoliation of graphite and
partially removes the sulfate groups leading to GO monolayers and heavier aggregates.36,
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However, the notion that sulfuric acid is solely responsible for the rapid exfoliation of graphite34,
38

is contrary to the expected reactivity of hydrophobic graphite with hydrophilic sulfuric acid. In
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this contribution, we provide an alternative explanation addressing this conundrum that reconciles
new and previously published data, including the observed reactivity of GO. There is evidence that
GO can be prepared by ozonolysis of graphene using UV irradiation,39 and ozonation was proposed
as a useful synthetic step for further functionalization.40 To date, ozone has not been linked to the
synthesis of GO from graphite, though permanganate and sulfuric acid are known to react to
produce ozone.41 Unlike with fullerenes,42 nanotubes,43 and polycyclic aromatic hydrocarbons,44
spectroscopy and DFT calculations on GO have provided no evidence for the presence of surface
ozonides. It was previously reported that 1,3-dipolar cycloadditions and formation of primary
ozonides from O3 or S3 take place with the smallest-diameter single-walled nanotubes (SWNTs)
and not with flat graphite surfaces or large radius nanotubes in the dark.43
Various GO functional group stoichiometries are found depending on the synthetic
approach and there is no consensus on a definitive structural model.45 The Lerf-Klinowski46 and
the Szabo-Dékány45 models seem to be the most consistent with the current body of data, even if
they do not account for remaining sulfur species when sulfuric acid is used in the synthesis.37 Both
these models propose the existence of extended conjugated regions whose size depends on the C/O
ratio (typically between 1.8 and 2.5). Functional groups on the surface include tertiary alcohols,
epoxides, carboxylic acids, five- and six-membered ring lactols, and others.47 Mono- and
disubstituted sulfate esters which are fairly stable to hydrolysis are also present37 and can only be
completely removed under strong basic treatment at the expense of disruption of other groups.48
Keto-enol equilibria were suggested as the explanation for the pronounced acidity of GO (pH 2-3)
as an alternative to the presence of carboxylic acids.36 2D 13C/13C chemical-shift correlation solidstate NMR spectra unequivocally established that a large fraction of carbon linked to hydroxyl
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groups (C-OH) are also bonded to epoxide carbons.49 The presence of oxidative debris adds further
complications to the structure and properties of GO.50, 51
Table 1: The results of
the carbon, hydrogen,
nitrogen, and oxygen
elemental analyses.

Here we investigate the structure and composition of GO synthesized
from nanographite using a modified Hummers’ method with H2SO4 and
KMnO4. The temperature of the reaction was kept at 40°C before raising it
to 60°C, in contrast to standard procedures (see §2.2.1). After work-up, the
sample was dried under high vacuum for five days (10-5 mbar). Our reaction
conditions favor the formation of a GO with a high degree of oxidation
(Table 1). The tendency of the sample to explode above 175°C complicates
differential thermogravimetric analysis (Fig. 1). We smelled the distinct odor

of ozone during the synthesis and following an uncontrolled deflagration during heat-drying of a
few grams of GO sample. These initial observations prompted an in-depth study of the resulting
GO and its connection with ozone.
2.2

Experimental section
Graphene oxide (GO) synthesis
A 2 L beaker was filled with 460 mL of 95% H2SO4 and placed in an ice bath to cool to

0°C. To the acid solution, 12 g of nanographite (Asbury Graphite Mills Inc.) was added. Over the
course of two hours, 60 g of KMnO4 was added, keeping the solution temperature below 10°C.
The mixture was then heated to 39°C for two hours while stirring. The solution was then heated to
65°C over the course of 30 min before being cooled back to 10°C in an ice bath. Deionized (DI)
water (920 mL) was slowly added to the solution, taking care to keep the temperature below 50°C.
The solution was stirred for 10 min and then split evenly between two 2 L beakers. To each beaker
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1.25 L of DI water was added in small portions
followed by 25 mL of 30% H2O2. The beakers
were covered and left to settle overnight. The
settled mixture was decanted and the supernatant
discarded. The remaining mixture was divided
into 50 mL centrifuge vials and centrifuged at
5000 rpm (with an Eppendorf 5424 bench-top
centrifuge) for 15 min before being decanted
again and discarding the supernatant. The
precipitate in each vial was resuspended in 30 mL
of 5% HCl before further centrifugation. The acid

Fig. 1: DTG profiles of GO in air and under Ar
atmosphere.

supernatant was decanted and discarded. This acid washing process was repeated six more times,
after which the process was reiterated using DI water instead of acid. The graphene precipitate was
dried via lyophilization for two days, and then on a high vacuum line (10-5 mbar) for five days.
The residual water content was measured by means of a Karl-Fisher coulometric titration. C/H/O
elemental analysis was conducted at Galbraith Laboratories.
KI Treatment
To a 50 mL centrifuge vial approximately 200 mg of GO was added. 0.5 M KI was added
to a total of volume 30 mL in the vial. The vial was shaken vigorously for 1 hour before being
centrifuged at 5000 rpm for 15 min. The supernatant was decanted and discarded. The remaining
precipitate was centrifuge washed five times with DI water as described above, before being dried
via lyophilization and a high vacuum line.
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NaBH4 Reduction
In a 1 L beaker, 830 mg of graphene was suspended in 950 mL of DI water. The solution
was sonicated in a Branson 1200 sonicator for 1 hour at 35°C. The solution was then heated to
60°C while stirring and 900 mg of NaBH4 was added slowly. The reaction was left to stir at 60°C
for 2 hours. The reaction was then centrifuge washed five times in DI water as described above,
before being dried via lyophilization and a high vacuum line.
Differential Thermogravimetry.
GO (2-4 mg) was placed in a platinum pan and loaded into a Shimadzu DTG-60A thermalgravimetric analyzer using α-alumina as reference. The sample was heated from 40°C to 900°C at
a rate of 1°C per-minute under air or argon.
Potentiometric ozone detection.
GO samples with masses between 7.5-23.0 mg were placed in a septum-sealed 20 mL GCMS headspace vial. The vial was heated (without explosion) for 5 min at 200°C, after which 1 mL
of the headspace was transferred with a syringe to an ozone detection chamber through a silicon
septum. The potentiometric ozone detection was carried out using a digitally-monitored ozone
sensor (SainSmart MQ-131).
Gas Analysis
Temperature programmed desorption (TPD) experiments were performed utilizing a Hiden
HPR-20 R&D Atmospheric Pressure Gas Analysis System in multiplier mode for the mass
spectrometer detector. To perform the analysis, 6.5 to 21.0 mg of GO sample was loaded between
quartz wool plugs in a 4-mm diameter quartz tube. The sample tube was placed in a tube furnace.
Argon was flowed at 30 ml/min through the sample tube and the product gas was analyzed using
the gas analysis system (scanning from 1-100 amu) as a function of time. Once a stable baseline
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spectra was obtained, the sample was heated at 5°C/min. A k-type thermocouple was used for both
temperature control feedback and monitoring of the actual furnace temperature.
Singlet Oxygen Measurements.
The singlet oxygen emission was assayed using a photomultiplier tube at an operating
voltage of -650 V. One-gram quantities of GO were heated to 200°C. The detection of 1O2
luminescence used a NIR bandpass filter centered at 1270 nm (OD4 blocking, fwhm = 15 nm).
The lack of a 1O2 luminescence signal was based on an analysis on a 600 MHz oscilloscope.
High Accuracy Mass Spectrometry Measurements.
GO sample: A Shimadzu GCMS-2020 gas chromatograph/single quadrupole, electron
impact (-70 eV) mass spectrometer equipped with a Shimadzu DI-2010 direct insertion probe was
used to analyze a GO sample (∼0.7 mg). GO was introduced in a quartz capillary which was placed
on the tip of the DI-2010 probe. After insertion into the GCMS ion source, the probe was heated
at 80°C/min to 160°C holding the temperature for 2 min, followed by a 5°C/min ramp to 280°C
holding the temperature for 1 min. The scan rate was from 5.0 to 75.0 Da with a data acquisition
rate of 0.10 sec/scan, and the ion source temperature was set to 200°C. As a reference standard for
the mass calibration, perfluoro t-butylamine (PFTBA) was analyzed in a separate run under similar
MS settings (data not shown). Data were analyzed using the Cerno MassWorks software (Cerno
Biosciences, ver. 4.0) equipped with Calibrated Line-shape Isotope Profile Search (CLIPS),
Ozone standard: Ozone standards were prepared using an Enaly OZX-300 ST ozone
generator set to generate ozone at ∼200 mg/hr. The ozone was introduced into the Shimadzu
GCMS-2020 split/splitless injection port via a SGC 2.5 mL gas tight syringe equipped with a
locking valve. The GCMS was run isothermally at 40°C at 1mL/min helium flow on a 5 m x 0.18
mm ID uncoated restrictor/guard column from Restek; the injection port, column, and interface
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were kept at 40°C, and the ion source was kept at 200°C. The scan range varied slightly from the
GO sample (35 to 100 Da) as the nitrogen from the ozone standard would saturate the detector.
For the first 3 min of the analysis, PFTBA was introduced as a reference standard for the Cerno
software, then two 2.5 mL volumes of the ozone standard were manually injected.
TEM Imaging and EDX Spectroscopy
All data were collected at 200 kV on a Jeol 2100 transmission electron microscope (TEM)
equipped with an Ametek JEM 2100 EDAX WDS module for electron dispersive X-ray
spectroscopy (EDX) at the eucentric point to ensure reproducibility of the measurements. A small
amount of substrate was placed on a 300 mesh copper grid (TED Pella Inc.) for imaging.
XRD Analysis
Samples were recorded with a Bruker D8 Focus X-ray diffractometer with λCu,α1=1.540600
Å and λCu,α2=1.544390 Å. The samples were measured in air within one hour of leaving an Arfilled glove box. Samples were analyzed from 5-105° 2θ with a step-size of 0.01° 2θ and a scanrate of 0.1 seconds per step.
Colorimetric Detection of Peroxides
The presence of peroxides was detected by using a chromatic indicator (N,N-diethyl-pphenyldiamine). The test was conducted along with controls on our GO, commercially available
GO (Graphene Supermarket), and GO chemically reduced with NaBH4 (R-GO).
15 mg of a powder mixture of chromatic indicator, potassium iodide, and sodium phosphate
dibasic (Hach test kit model OZ-2) was measured out into several 1 mL centrifuge vials and
dissolved in 500 µL of deionized water just before measurement.
A calibration curve was built by preparing, one at a time, four 1 mL solutions of 30%
vol/vol H2O2 (Sigma-Aldrich) with concentration in the interval 0.392-3.916 mM. 500 µL of each
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solution was added to an indicator vial and allowed to react for 2 minutes. The solution was then
centrifuged at 15,000 rpm for 1.5 minutes on an Eppendorf 5434 centrifuge before being analyzed
with a Shimadzu SolidSpec-3700 DUV spectrometer between 400-600 nm.
For the GO measurement, 11.8 mg of GO was suspended in 500 µL of deionized water and
mixed for 1 hour. This was combined with one of the indicator vials and allowed to react for 2
minutes, before centrifugation at 15,000 rpm for 1.5 minutes. The supernatant was then analyzed
by a Shimadzu SolidSpec-3700 DUV spectrometer between 400-600 nm. The spectroscopic
results were used in combination with the C/H/O elemental analysis results for quantitative
estimations.
Trapping of Peroxide with Triphenylphosphine
The trapping studies were conducted in 600 µL suspension of 11.6 mg GO in CH2Cl2 and
45 mM PPh3 stirred for 15 min at 25 °C. The yield of surface-bound peroxide (1.8% g O / g OTotal )
was estimated on the basis of the reaction of PPh3 to give O=PPh3 and C/H/O elemental analysis
results.
Infrared Analysis.
Medium IR spectra were recorded with a Thermo Scientific NICOLET 6700 spectrometer
using a Specac MKII Golden Gate ATR cell. The cell was assembled inside an Argon dry-box.
Each spectrum resulted from the average of 2048 scans with a resolution of 4 cm-1. After
background-correction the spectra were decomposed with Gaussian peaks using the software
IGOR Pro.
NMR Measurements
1

H-13C cross-polarization magic-angle spinning (CPMAS) NMR measurements were

performed at a typical 15 kHz (±2 Hz) spinning speed and with a recycle delay of 2 s between
11

successive acquisitions at 10,000 scans. Ramped-amplitude cross-polarization,52 in which the
proton field strength was varied linearly by 50%, was implemented to compensate for
inhomogeneous radiofrequency fields across the sample. 5 ms 1H spin-lock times were used to
transfer magnetization from 1H to
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C nuclear spin baths, and high-power heteronuclear proton

decoupling (80 kHz) was achieved using the TPPM composite pulse sequences.53 Measurements
were conducted on Bruker spectrometers (Bruker BioSpin Corp., Billerica, MA) operating at 1H
frequencies of 750 MHz (Avance I) and equipped with a 4 mm HFX probe. All spectral datasets
were processed with 100 Hz of line broadening; chemical shifts were referenced externally to the
methylene (-CH2-) group of adamantane (Sigma) at 38.48 ppm.54
13

C NMR experiments were carried out on a Varian solid state NMR spectrometer

operating near 125 MHz (field strength of 11.8T) with a 4.0 mm MAS probe in order to gain
insight into the structural organization of the graphene oxide samples. 13C chemical shifts are given
relative to tetramethylsilane (TMS, (13CH3)4Si), whose position is set to 0 ppm. The typical rotor
spin rate was 11 kHz, and data was acquired following a spin-echo (π/2 – π – π – acquire) pulse
sequence (3000 scans). The delay between pulses, τ, was taken as the inverse spinning rate for
rotosynchronization, and a 200 s recycle delay was used to prevent signal saturation.
After phasing and background-correction the spectra were decomposed with Gaussian
peaks using the software IGOR Pro.
Gaussian Calculations
All geometry optimizations and frequency calculations were performed with the Gaussian
09 computational chemistry package using the M06 DFT functional and the 6-31+G(d) basis set.
Frequency calculations were subsequently performed on the optimized geometries to confirm that
they were stationary states, and to obtain the thermal corrections to the free energy.
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2.3

Results and discussion
Ozone evolution from GO?

Fig. 2: (a), Potentiometric detection of ozone versus sample mass of unexploded GO. (b), Analysis of gases evolved
from unexploded GO (14.4 mg) with time; m/z values are given along the traces or in legend for smaller peaks of
interest; the temperature ramp (5°C/min) is given as a dotted line. (c), Expanded profiles of the peaks at m/z = 48 and
m/z = 64 traces of unexploded and exploded samples. (d), High accuracy mass spectrum resulting from MassWorks
software analysis on a ∼2 mg unexploded GO sample measured in a direct insertion experiment.

We investigated the decomposition of GO using a potentiometric ozone gas sensor (Fig. 2
a) and measured a linear voltage increase with the mass of GO, when using samples <23 mg
properly spread out to avoid explosions in a GC-MS headspace vial. Samples that exploded below
200°C produced a non-reproducible higher signal response dependent on the level of aggregation
and distribution of the sample in the reaction vessel. Given the possibilities of interfering
13

substances in a metal-oxide based sensor, we could not definitively conclude that ozone was
present. Therefore, temperature programmed desorption (TPD) gas analysis with mass
spectrometric detection measurements with increasing temperature were conducted as a function
of time and sample mass (Fig. 2 b). In a typical unexploded sample (14.4 mg) significant water
loss was found between 52°C and 140°C as indicated by the detection of water, hydroxy and
hydrogen radicals (H2O, m/z=18; OH⋅, m/z=17; and H⋅, m/z=1, in order of decreasing abundance)
simultaneously peaking at 58°C (4.5 min) with a shoulder peak at 87°C (12.2 min). The major
thermal event occurred at 186°C (32.6 min) with the loss of CO2 with a shoulder peak at 246°C
(44.8 min, CO2, m/z=44). The former peak is aligned with those of carbonyl, additional water loss,
oxygen radical, hydroxyl radical, carbon, and hydrogen radical (CO, m/z=28; H2O, m/z=18; O⋅,
m/z=16; OH⋅, m/z=17; C, m/z=12; H⋅ m/z=1).
A peak at 225°C (41.2 min, m/z=48) compatible with the presence of ozone was detected,
but the presence of sulfur monoxide (SO) provided a valid alternative explanation that could not
be excluded. A simultaneous peak was measured with more than twice the relative intensity of that
of the peak at 48 m/z, which was attributed to sulfur dioxide (SO2 m/z=64).37 These peaks are
overlapped with shoulder peaks from water, carbon dioxide and hydroxyl radical (H2O, m/z=18;
CO2, m/z=44; OH⋅, m/z=17). In samples that explode, most peaks would appear simultaneously
and at the same temperature with the exception of water and carbon dioxide (Fig. 2 c and Fig. 3).
We observed that the explosion tends to occur at lower temperature with bigger sample mass.
However, comparison of unexploded and exploded samples of similar mass results in similar peak
areas, even if they differed in intensity by one order of magnitude. Note that the thermal or
photochemical decomposition from the suspected ozone to singlet oxygen on the carbon surface
was not observed, unlike what has been previously reported for silica surfaces.55 Monitoring for
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time-resolved singlet oxygen phosphorescence at 1270 nm upon the decomposition of GO at
200°C indicates that singlet oxygen is not generated at the air/GO interface (data not shown). This
is consistent with the absence of a molecular oxygen peak in our gas analysis via mass
spectrometry.
In order to carry out higher accuracy formula identification for the peak at about 48 m/z
we measured the mass spectra of GO in direct insertion experiments in comparison with ozone
detection from an ozone generator. We analyzed the spectra using MassWorks software enhanced
by the Calibrated Line-shape Isotope Profile Search (CLIPS) analysis (Fig. 2 d and Table 2). It can
be seen that the mass error was
below 1 mDa with a spectral
accuracy of 99.49% in the case of
generated ozone. In the case of GO,
we found the mass error to be about
3.3 mDa, if we consider the formula
to be SO, and ca. -14.5 mDa if we
accept the formula to be O3. The
spectral accuracies in the latter two
cases were quite similar, 96.69%

Fig. 3: Real-time analysis of gases evolved as the GO explodes (15.0
mg); m/z values are in legend.

and 96.24%, respectively. The comparison of the peak areas at m/z=47.9697 and at m/z=63.9591
in the spectrum of GO gives a ratio of 40.8%. This percentage is within instrumental variability
error in the measurement of SO2 gas. The NIST spectrum of SO2 measured under electron
ionization conditions shows that the peak of SO at m/z=48 is about 49.3% of the peak of SO2 at
m/z=64. These data indicate that the peak at m/z=48 should unequivocally be assigned to SO rather
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than O3. These results can be rationalized by hypothesizing the presence of peroxymonosulfate
ester groups (COOSO3H) on the surface of GO.
Table 2: The results of MassWorks analysis using Calibrated Line-shape Isotope Profile Search (CLIPS) on the
experimental peak at 47.9697 Da in the mass spectrum of GO and the experimental peak at 47.9838 Da in the spectrum
of generated ozone standard. The mass of the mono-isotope represents the theoretical mass of the mono-isotopic
compound. RMSE stands for root mean square error, while DBE signifies double bond equivalent.

GO Analysis
Mono Isotope
(Da)

Mass Error
(mDa)

SO

47.9664

3.2633

68.0277

O3

47.9842

-14.4953

-302.1759

Formula

Mass Error
Spectral
(ppm)
Accuracy (%)

RMSE
(%)

DBE

96.6939

3.3

1.0

96.2351

3.7

1.0

RMSE
(%)

DBE

6.6

1.0

Generated Ozone Standard Analysis
Formula
O3

Mono Isotope
(Da)

Mass Error
(mDa)

47.9842

-0.3953

Mass Error
Spectral
(ppm)
Accuracy (%)
-8.2379

99.4854

We still wonder if the high accuracy mass spectrometry results allow us to completely
exclude that we smelled ozone after the thermally induced explosion mentioned above and
detected ozone with our potentiometric sensor. It is quite possible that both our noses and the
sensor detected SO instead of ozone, which are both highly reactive. The detection of ozone is
extremely challenging and its high reactivity makes its detection in low amounts quite difficult.
As shown below, the release of ozone from the thermal decomposition of GO is still a possibility,
at least in principle.
Structure and Morphology of GO
A structural model (Fig. 4 a) similar to the Lerf-Klinowski model was used as a working
hypothesis in order to account for these observations. Our qualitative model includes lactols as
previously proposed,56 carboxylic groups, anhydrides, ketones, mono- and di-substituted sulfate

16

and peroxysulfate esters vicinal to epoxides, neighboring alcohols and epoxide groups,49 in
addition to isolated sulfates esters and C-OH. Closed-ring peroxydisulfates resulting from a
secondary reaction of peroxymonosulfates with neighboring alcohol groups are also possible, even
if in the following discussion we will mainly focus on peroxymonosulfates. The esters of Caro’s
acid (H2SO5) are relatively stable peroxides57 similar to more common persulfates formed by
reaction with K2S2O8.58, 59 Our mass spectrometry results indicate that the peroxymonosulfate
esters decompose to SO2 and H2O.

Fig. 4: (a) Structural model for GO emphasizing the presence of neighboring hydroxyl and epoxide groups (blue),
isolated epoxide groups (brown), mono- and disubsituted sulfate esters (red), isolated hydroxylic groups (black),
mono- and disubsituted peroxymonosulfate and peroxydisulfate esters with neighboring epoxides (purple), 5- and 6membered ring lactols, ketone, anhydrides and carboxylic acids (green). (b), Transmission electron microscope image
of GO; the scale bar is 1 µm. (c), X-ray diffraction spectra of GO and the precursor graphite. (d), Gas chromatogram
of triphenylphosphine oxide, triphenylphosphine in acetonitrile, and the product of the reaction in acetonitrile between
triphenylphosphine and GO; the conversion of triphenylphosphine to triphenylphosphine oxide revealed in this latter
spectrum was 10% of the initial triphenylphosphine concentration.
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The TEM image of our GO (Fig. 4 b) indicates the successful exfoliation of the precursor
graphite with some degree of aggregation. The EDX spectra (data not shown) indicate that GO is
very pure and contains only C, O, and S. The powdered X-ray diffraction of GO (Fig. 4 c) showed
a peak at 2θ=9.95°. An interlayer separation of 8.9 Å can be calculated from this result, a spatial
distance greater than previously reported, suggesting a higher level of oxidation of GO. This is
confirmed by the absence of a broad peak at approximately 2θ=18°, showing that unreacted
graphite is below the detection limit and the reaction proceeded to completion.

Fig. 5: The presence of peroxides was detected by using a chromatic indicator (N,N-diethyl-p-phenyldiamine). The
test was conducted along with a control for a commercially available C-GO (Graphene Supermarket), our GO, and
GO chemically reduced with NaBH4 (R-GO).

The knowledge that ozone is present under the Hummers’ method synthetic conditions41
prompted us to search for peroxides on the surface. Initially, the presence of peroxides was
suggested by a standard colorimetric test (Fig. 5). More accurately, we conducted a chemical
titration of the peroxides, assuming them to be peroxymonosulfate ester groups (COOSO3H), using
N,N-diethyl-p-phenyldiamine as a chromatic indicator followed by visible absorption
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spectroscopy (Fig. 6). This method yielded a peroxymonosulfate ester amount of about 3.3% of
total mass ( g SO5 H / g total ), 5.5% of the total oxygen ( g O / g Ototal ), and 0.7% of total carbon (

gC / gCtotal ). On the basis of the ICP-OES sulfur analysis (6.8%) we determine that
peroxymonosulfate esters are 13.7% of sulfur containing groups, the rest being organic sulfates.
Peroxide formation was further confirmed by the addition of triphenylphosphine to GO and the
formation of triphenylphosphine oxide was quantified by GC-MS measurements (Fig. 4 d).

Fig. 6: Chromatic indicator (N,N-diethyl-p-phenyldiamine) (a), Calibration curves were built by monitoring the
absorption at 511 and 552 nm of the indicator reacted to hydrogen peroxide in the concentration range 0.392-3.916
mM. (b), Visible absorption spectra of the supernatant of H2O2 and GO after reaction with the chromatic indicator.

The amount of peroxides, assuming them to be peroxymonosulfate ester groups, was about
3.0% of total mass ( g SO5 H / gtotal ), 5.1% of the total oxygen ( g O / g Ototal ), and 0.7% of total carbon
( gC / gCtotal ). We thus calculated that peroxymonosulfate esters are 12.6% of sulfur containing
groups in our unreduced GO. The percentage values determined by these chemical tritrations are
significant and may be underestimated, considering the fact that surface peroxide groups are
restricted and access to them by N,N-diethyl-p-phenyldiamine and triphenylphosphine is possibly
obstructed.
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Vibrational and NMR study of GO
In order to test our structural hypothesis we conducted a vibrational and 13C NMR study of
GO and chemically treated GO (Fig. 7 and Fig. 8 a).48, 60 In our FT-IR analysis we compared the
fingerprint region of anhydrous GO (1.6% water content) with that of GO treated with KI (KIGO). The spectrum of KI-GO is for the most part very similar to that of GO with some notable
changes.

Fig. 7: The medium IR spectra are given for GO, GO treated with KI (KI-GO), and GO treated with NaBH4 (RGO).

In previous work, prolonged treatment (1 week) of GO with KI has been used with the
intention of reducing epoxide groups to phenols.46 We found that a short KI treatment (1 h) mostly
affects the stretching S=O or ν(S=O) of peroxymonosulfate esters at 1159 cm-1, which confirms
its assignment.58 A concomitant peak at 1138 cm-1 is present in both GO and KI-GO and is
attributed to sulfate esters.37, 59 Correspondingly, a O-O stretching of diminished intensity is found
at 851 cm-1.61 No significant differences were detected in the highly crowded OH stretching region.
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The peak at 1050 cm-1 in GO is attributed to the skeletal modes of C-C and C-O, ν(C-C) and ν(CC) stretching.45, 48 The broad peak at 1370 cm-1 in GO was attributed to the bending COH or
δ(COH).45, 48 The same peak in KI-GO was measured at 1355 cm-1. The C=C stretching at 1590
cm-1 was observed in GO45, 48 and it was found to increase and shift to 1615 cm-1 in KI-GO, which
may be affected by a higher water content. This observation is explained by the reactivity of KI in
promoting elimination of water from vicinal OH resulting from the reduction of
peroxymonosulfate esters to monosulfate esters and alcohols by iodide. The broad peaks at 1745
cm-1 in GO and 1740 cm-1 in KI-GO are attributed to the carbonyl stretching or ν(C=O),45, 48 typical
of carboxylic groups, ketones, anhydrides, and possibly lactols.
The NMR investigation of GO and KI-GO (Fig. 8 b, Fig. 9, Table 2) provides further
structural insights and supports the infrared assignments. We conducted Gaussian decomposition
of the 1H-13C cross-polarization NMR spectra of GO and KI-GO, which should be regarded as a
method for identifying distributions of Lorentzian sites of similar origin. A semi-quantitative
comparison of the resulting peaks was carried out. Though this approach goes beyond what is
conventionally accepted from cross-polarization spectra, which are thought to be unreliable for the
extraction of quantitative information. We are convinced that comparison of the GO and KI-GO
1

H-13C NMR spectra yield relative abundances of these functional groups. As shown in Fig. 8 a,

the IR spectra reveal that only minimal structural changes exist between GO and KI-GO except
for the persulfate groups and the C=C bonds, as confirmed by the similarity of the crosspolarization spectra themselves (Fig. 8 b), thus allowing a meaningful comparison of the 1H-13C
NMR spectra in our case. Our Gaussian analysis of GO (KI-GO) revealed a main peak comprised
of 29.6% (29.2%) of epoxide carbons at 61 ppm and 36.5% (41.3%) of alcohol carbon.
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Fig. 8: (a) Gaussian decomposition of the medium infrared spectra of GO (top) and potassium iodide treated GO (KIGO, bottom); the peak attributed to peroxomonosulfate esters (COOSO3H) is indicated in orange. (b), Gaussian
1
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decomposition of the H- C cross-polarization NMR spectra of GO and KI-GO; the band dominated by
peroxomonosulfate esters is also indicated in orange. Spectra were measured with 15 kHz MAS and a recycle delay
of 2 s for 10,000 scans.

Shoulder bands of the main NMR feature accounting for 10.2% and 8.1% of carbon were
detected at 79 ppm in GO and KI-GO, and the percentage difference (2.1% of total C or 21%
between the two peaks) was explained by assuming the presence of peroxymonosulfate esters.62
The decrease for KI-GO reflects the IR intensity decrease in the peak at 1161 cm-1. Calculated
spectra considering different neighboring functional groups were compatible with the
peroxymonosulfate esters assignment (Fig. 9). In the shoulder region at 79 ppm there are other
functional groups beside peroxymonosulfate esters, such as sulfates, OH or epoxy sites
neighboring these groups and other minor groups.62
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Fig. 9: Representative 13C NMR predictions determined with the software ChemDraw Professional. Estimation
quality is indicated by color: good (blue), medium (purple), rough (red).
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Fig. 10: (a), GO and KI-GO spectra measured with a 500 MHz spectrometer; side bands are marked with
asterisks. Spectra were measured with 11 kHz MAS and a recycle delay of 200 s for 3,000 scans. (b), Gaussian
decomposition of the region between 30 and 110 ppm of the same spectra after background correction.

The remaining part of the spectrum was in agreement with previous findings: 12.6%
(15.1%) of total carbon consists of sp2 carbon at 133 ppm (132 ppm), 6.0% (2.4%) is given by sp3
carbon or lactols at 99 ppm (100 ppm), 5.1% (1.6%) is given by O=C-O carbon at 163 ppm (165
ppm). The observation of increased sp2 carbon in KI-GO further confirms the occurrence of OH
elimination following KI treatment. The MAS spin echo data (Fig. 10, Table 3) exhibited a lower
resolution, but confirmed the overall assignment and semi-quantitative analysis of the crosspolarization spectra. The percentage difference for the peaks at 79 ppm was 2.6% of total C or
27% between the two peaks. The MAS spin echo spectra and the 1H-13C NMR spectra allowed us
to estimate that for every sixteen/seventeen alcohols groups there is approximately one
peroxymonosulfate ester groups in GO.
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Table 3: NMR table of 1H-13C cross-polarization spectra. Parameters relative to the Gaussian decomposition of the
spectra in Fig. 8 b. The error on the percentage areas obtained by Gaussian decomposition is below 0.1%. The
instrumental error is estimated to be below 0.4%.

GO

ppm

%Area

Assign.

KI-GO

ppm

%Area

Assign.

1

-

-

-

1

44

1.5%

-

2

61

29.6%

C-O-C

2

61

29.2%

C-O-C

49, 56

3

71

36.5%

C-OH

3

71

41.3%

C-OH

49, 56

4

79

10.2%

4

79

8.1%

CSO3H

*,62

5

99

6.0%

5

100

2.4%

6

133

12.6%

6

132

15.1%

7

-

-

-

7

150

0.9%

-

8

163

5.1%

O=C-O

8

165

1.6%

O=C-O

Total:

CSO3H
CSO5H
Lactol
O-C-O
Graphitic
sp2

100.0%

Lactol
O-C-O
Graphitic
sp2

Ref.

56
49, 56

56

100.0%

*This paper

Mechanism of ozone evolution from GO
Postulated intermediates for the mechanism of the evolution of ozonated species were
explored by DFT calculations at the M06/6-31-G(d) level, using small oxygenated 2D nanocarbon
derivatives (Fig. 11). The formation of primary ozonide (POz, 1,2,3-trioxolane) proceeds by
conventional ozonolysis of alkene bonds available on the sp2-sp3 carbon surface. POz is a
resonance form of the Criegee intermediate (CI) which is hindered from conversion to a secondary
ozonide (SOz) by the rigidity of the carbon network. Resonance stabilization of the POz and CI
are possible by delocalization of a positive charge into the conjugated π-system by formation of a
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peroxidate or an open trioxide anion intermediate. The protonation of the latter can result in an
open hydrotrioxide in a slightly non-spontaneous process (∆G = 30.1 kcal/mol).

Fig. 11: Mechanism of ozone evolution with optimized geometries of peroxide Intermediates on sp2-sp3 2D
nanocarbon. (a), Structure of the POz on 2D nanocarbon, which is isoenergetic to the structures labeled with (i). (b),
Structure of hydrotrioxide on 2D nanocarbon, which is isoenergetic to the structure labeled with (ii). (c), Structures of
2D nanocarbon and free ozone, corresponding to the structures labeled with (iii) and (iv). (d), Structure of epoxyhydroperoxide compound, which is isoenergetic to the structures labeled with (v) and derived from the rearrangement
of a protonated Criegee intermediate. (e) Structure of epoxy-persulfate, which is isoenergetic to the structure labeled
with (vi). The numerical values of ∆G between two structures are indicated. The units are in kcal/mol (omitted for
clarity).

The thermal decomposition of the POz resonance forms and the hydrotrioxide could lead
to the release of ozone in slightly non-spontaneous and spontaneous steps with ∆G equal to 23.3
kcal/mol and -6.9 kcal/mol, respectively. Remarkably, the most favored reaction pathway involves
the CI undergoing spontaneous protonation and rearrangement to a stable epoxy-hydroperoxide
compound with a neighboring delocalized positive charge, lowering the Gibbs free energy by 78.1
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kcal/mol. Alternatively, the CI can react with sulfuric acid to form a peroxymosulfate ester in a
very spontaneous process (∆G = -80.2 kcal/mol) with a delocalized positive charge too. In both
cases, the positive charges can be eliminated by electronic defects in the basal plane of GO.
The vicinal epoxide and hydroperoxide groups (or peroxymonosulfate groups) on the same
ring can easily evolve to vicinal epoxide and alcohol groups via a homolytic cleavage of the O-O
bond involving OH⋅ and H⋅ radicals. The epoxy-hydroperoxide and the epoxy-persulfate structures
differ minimally in terms of stability (∆G = -2.1 kcal/mol), but both represent a significantly deeper
well in the Gibbs free energy landscape. This observation alone may explain why ozone was not
conclusively measured.
Considering the formation of GO proceeds in an excess of sulfuric acid, it is expected that
most peroxides on the surface will be in the form of peroxymonosulfates rather than
hydroperoxides. The energy values here reported have only a relative significance as they were
obtained in the gas phase at 0 K, and our calculation did not take into consideration further possible
reactions of ozone if it were to leave the carbon surface. We also did not conduct calculations on
the possibility of a direct reaction of alcohols (C-OH) with Caro’s acid (H2SO5), which is produced
in the presence of sulfuric acid and hydrogen peroxide (H2O2). This reaction could also lead to
peroxymonosulfate esters. Furthermore, the calculations we conducted on small 2D nanocarbon
derivatives could be applicable to nanocarbons of different sizes and could be extended to explain
the behavior of oxidative debris.50, 63
2.4

Conclusion
Overall, our results clearly indicate that ozonolysis plays a significant role in the formation

of GO when using the Hummers’ method. The reaction equilibrium is driven to the formation of
ozonide products by the ozone generated by the solution of sulfuric acid and permanganate and
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the available graphite precursor. Further protonation of the Criegee intermediate or reaction with
sulfuric acid stabilizes the ozonides in the form of vicinal epoxides and hydroperoxides (or
persulfates). It cannot be excluded that permanganate undergoes direct oxidative alkene addition,35
but this mechanism would not explain the formation of vicinal epoxy-alcohol groups as
satisfactorily as an ozonation mechanism.
We could not find definitive proof of ozone production upon heating the GO as further
evidence for the existence of these neighboring moieties. An important aspect of the proposed
mechanism is that it allows us to understand why the central region of partially oxidized graphite,
in the course of conversion from the sulfuric acid/graphite intercalation compound, appears to be
blue in optical micrographs obtained in reflection mode using a white incandescent light source.34
This occurs before the edge-to-center attack of the oxidizing medium of sulfuric acid and
permanganate has occurred. We infer that the blue color is due to trapped ozone penetrating the
van der Waals layers of yet undisrupted graphite. Indeed, a small degree of oxidation is detected
in the center region by Raman spectroscopy before visible chemical oxidation occurs.34
It is likely that it is this initial oxidation by ozone which allows hydrophilic sulfuric acid
to get in molecular contact with hydrophobic graphite and promote its further exfoliation.
Furthermore, the presence of multiple graphene layers in van der Waals interaction with each other
may be necessary for ozone to be able to conduct the initial oxidation of graphite to graphite
ozonide layers, and pronounced curvature may not be required as in the case of SWNTs.43 The
presence of chemically trapped ozone suggests the possibility that sulfur-free ozonated graphene
may be used as a precursor material for carrying out conventional ozonolysis as an alternative to
direct ozonation under cryostatic conditions, provided ozone can be liberated efficiently. A catalyst
may be needed to accomplish ozone release.
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We identified and quantified the peroxymonosulfate esters remaining on the surface before
and after KI treatment by NMR. Our analysis indicates about one peroxymonosulfate ester or one
peroxydisulfate ester for every sixteen/seventeen alcohol groups. This estimate is consistent with
the percentages of carbon belonging to peroxymonosulfate esters with respect to the total carbon
functional groups determined by chemical methods (0.7% gC / gCtotal ) and the elemental analysis.
The colorimetric detection of surface-bound peroxymonosulfate esters and trapping of oxygen
with triphenylphosphine both indicate that the GO prepared by Hummers’ method is much more
reactive than previously appreciated. For example, this likely explains the observation that many
proteins on GO are deactivated not just by nonspecific interactions30 but by direct oxidation. The
oxidative damage can be prevented by converting the persulfate esters to alcohols or other less
reactive functional groups via mild heating or chemical treatment. Also, the observed antibacterial
and cytotoxic properties of GO31 can be attributed to surface peroxides. These findings do not
exclude that oxidative debris may also play a role.32
Intramolecular H-bonding of these peroxysulfate groups may explain the enhanced protonconductivity in ozonated GO.64 The high levels of peroxymonosulfate esters measured in our GO
(42% oxygen content), are not unique to the specific synthetic conditions we have used. The
generality of this conclusion is supported by comparison of the data presented here with IR and
NMR evidence related to a variety of Hummers’ method conditions previously reported.35, 49, 56
These findings indicate that our modified Lerf-Klinowsky model is a better structural
model than the Szabo-Dékány model and accounts for a sterically hindered ozonolysis on
progressively oxidized graphite. The main reason for this is that the Lerf-Klinowsky structure
remains intrinsically more rigid than the Szabo-Dékány structure. The latter structure should be
even more prone to deep oxidation than the former and even more peroxides would be expected.
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The presence of acid persulfate, sulfate esters, and some hydroperoxides can provide an alternative
explanation for the unusual acidity of GO (pH=2-3). The high-energy barriers among these species
calculated in the gas phase is likely to be significantly lower in solution. These observations and
improved structural model will open new vistas in the chemistry and the applications of GO, and
the design of better-performing GO-based materials.
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3

REDUCTION AND CAPTURE OF 99TC WITH TITANIUM
DIOXIDE/GRAPHENE OXIDE NANOCOMPOSITES

3.1

Background
Technetium-99 is relatively high yield fission product of

235

U (6.2%), and a low energy

beta emitter (β-max: 290 keV).14, 15 Technetium-99’s dominant ionic species, pertechnetate (99TcO4), is highly environmentally mobile, biologically available, and harmful in aerobic environments.16
Pertechnetate, given its high solubility in water, quickly spreads through the surrounding ground
and water tables, where it can be easily ingested by organisms. Leakage from nuclear waste
storage, therefore, has the potential to contaminate food chains and bioaccumulate to potentially
dangerous levels.15, 65 The long half-life of 99Tc (2.1 x 105 yr) means that any 99Tc contamination
will remain a concern practically indefinitely.14 With the increasing demand for electricity, and the
increasing use of 235U fission to supply it, the ability to safely store or clean up large amounts of
99

Tc is of growing importance.
The heptavalent pertechnetate form of 99Tc is highly mobile in the environment; however,

the lower valent

99

Tc(IV) species, such as

99

TcO2 • nH2O, are insoluble and significantly less

mobile in the environment.66 Therefore, a good strategy for the removal or immobilization of 99Tc
in the environment is via reduction.15 Reduction is an essential step for capturing technetium with
chelates, which is also necessary for preparing radioimaging agents from the widely used medical
isotope 99mTc, and efficient means of reduction can improve yields and lower costs.
Previous studies were conducted using acetate, glucose, or ethanol as electron donors to
stimulate indigenous microorganism growth which creates an anaerobic reducing environment in
aquifers. Unfortunately, the presence of NO3- or other denitrification intermediates (reduced
nitrogen species produced by bacteria) would likely result in the reoxidation of Tc(IV).67
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Iron reducing bacteria were also employed for their ability to produce the Fe(II)-bearing
mineral magnetite.

99

Tc(VII) was reduced and precipitated abiotically as

99

Tc(IV) onto the

magnetite nanocrystals.68 However, previous studies indicate that 99Tc(VII) reduction by soluble
iron is impractical,69 and indeed the reduction of 99Tc(VII) is hindered in the presence of soluble
iron electron shuttles.68
Another method was based on reducing grouts and Na2S to reduce
99

99

Tc(VII)O4- to

Tc(IV)Sx. However, the presence of molecular oxygen quickly reoxidized the 99TcSx compounds

under standard atmospheric conditions.70 Alternatively, attempting to effect the sorption of the
Tc(IV) ion into materials such as ceramic, glass, or cement ultimately results in the reoxidation to
pertechnetate.66
Polyoxometalates (POM) are metal oxide molecules with a bandgap similar to TiO2. The
monovacant lacunary α2-[P2W17O61] Wells-Dawson compound was shown to photocatalytically
reduce pertechnetate and incorporate 99Tc into the POM’s vacancy. However, this method requires
a sacrificial electron donor to photoactivate the Wells-Dawson compound, and the process loses
efficiency when the radiation source used is sunlight instead of a UV radiation source, showing a
poor yield in visible light.66
Titanium dioxide (TiO2) is an n-type oxide semiconductor that has been shown to be
effective at degrading toxic organic compounds in the environment via photocatalyzed
reduction.71-74 When an electron from TiO2 is excited by a photon to the conduction band, it has
-0.2 V of reduction potential,75 which is sufficient to reduce TcO4- to TcO2, which has a reduction
potential of 0.738 V with three electrons transferred.76 TiO2 is highly suitable because of its
chemical inertness in a variety of environments, strong reducing potential, and low cost.71
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The large band-gap of 3.20 eV for common anatase TiO2 requires UV light to promote an
electron and function as a reductant, but this limits the use of sunlight since UV accounts for only
3-5% of solar irradiance.72 Doping TiO2 with other metals or electron-accepting materials, such as
carbon nanotubes and graphene, has been shown to give rise to TiO2 composites with an absorption
window in the visible and near-infrared region between 420-800 nm via tuning the bandgap or by
photosensitization.72, 77
TiO2’s photocatalytic properties can be improved with graphene oxide (GO).71, 72 GO is
often synthesized using a variation of the so called Hummers’ method and is composed of twodimensional sheets of sp2-sp3 graphitic carbons decorated with various types of oxygen functional
groups added to the surface and edges.78 GO has chemically tunable charge carrier characteristics
which vary from electron conducting to hole conducting depending on the oxygen content. The
GO functional groups are reactive, which makes GO a very good candidate as a support for TiO2
or other materials. Theoretical calculations indicate that the ability of GO to shift the absorption
window of TiO2 towards the visible and near-infrared regions is due to the significant overlap
between the conduction band C2p and the valence band O2p orbitals on the TiO2, which facilitates
transferring photoproduced electron-hole pairs to the TiO2 surface.72, 79 Further, the TiO2 graphene
oxide (TGO) shows excellent catalytic reusability.71
Several groups have already sythesized different types of TGO nanocomposites. Some
authors have employed sol-gel techniques,80 two phase self-assembly methods,81 with
hydrothermal approaches74, 82, 83 being the most popular. Compositions vary, ranging from 0.2550% GO to TiO2 by weight.
Thus, GO combined with TiO2 could prove to be an excellent platform for the
photocatalyzed reduction of

99

TcO-4 for both environmental remediation, storage, and as an
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alternative to the tin based reductants commonly used in reducing

99m

TcO-4 for medical

applications. Similar carbon structures, in the form of
carbon nanotubes, have already been functionalized with
ligands to bind radioisotopes.84-86
Therefore, GO could be further functionalized
with a

99

Tc chelate, in addition to TiO2, to provide a

simultaneous reduction and sequestration platform for
99

Tc for storage or waste remediation. If

99

Tc is stored

with the TGO sequestration platform (Fig. 12), any leaks
-

or spills of TcO4 could be remedied through reduction

Fig. 12: Illustration of a possible TGO-chelate
system for waste storage.

processes activated by natural or artificial light.
3.2

Materials and Methods
All materials were purchased as reagent grade and used without further purification, unless

otherwise noted. 99Tc was obtained from Oak Ridge National Laboratory (as NH499TcO4). All 99Tc
handling was executed in an appropriately equipped laboratory approved for the use of low-level
radioactivity. Solid ammonium pertechnetate (NH499TcO4) was treated with H2O2 to oxidize any
reduced forms of

99

Tc. Standardization of prepared aqueous ammonium pertechnetate solutions

was conducted according to established UV-Visible spectroscopic procedures.76, 87
Preparation of Graphene Oxide
Graphene oxide (GO) was synthesized using a modified version of a modified Hummers’
method33 (§2.2.1) as follows: concentrated sulfuric acid (8.464 mol, 460 mL) was chilled to 0°C
in an ice bath. Once ice-cold, nanographite (Asbury Graphite Mills Inc., 1 mol, 12 g) was added.
Making sure the temperature did not exceed 10°C, KMnO4 (0.380 mol, 60 g) was added slowly to
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the acid mixture. The mixture was then heated to 40°C and stirred for 2 hours. The solution was
then heated to 65°C over the course of 30 minutes. Once 65°C was reached, the solution was
cooled to 10°C in an ice bath, making sure the temperature did not exceed 50°C, deionized (DI)
water (920 mL) was added slowly to the acid and then stirred for 10 minutes. Additional DI water
(2.5 L) was added. H2O2 (50 mL, 30%) was added portion-wise over 10 minutes. The solution was
then allowed to settle for a minimum of 24 hours.
After the allotted time, the supernatant was decanted off, and the remaining sediment was
centrifuged down and the supernatant decanted and discarded. The sediment was resuspended in
~30 mL of 5% HCl, and then centrifuged at 5,000 rpm (8,327 g) with an Eppendorf 5434 benchtop centrifuge for 30 minutes after which the supernatant decanted and discarded. This centrifuge
washing process was repeated an additional 7 times. The product was then centrifuge-washed eight
times following the same procedure as above but utilizing DI water instead of 5% HCl. The final
product was dried via lyophilization and then under high vacuum (10-5 mbar) for a minimum of
three days and before being stored in a glovebox under an argon atmosphere.
Synthesis of Titanium Dioxide/Graphene Oxide Composites
Titanium Dioxide/Graphene Oxide (TGO) composites were synthesized using a previously
described modified low-temperature sol-gel method:71 Titanium n-butoxide (TBOT) (0.018 mol,
6.1 mL) was dissolved in 2-propanol (0.027 mol, 2 mL). A suspension of GO (420 mg), water
(2.77 mol, 50 mL), and nitric acid (0.0018 mol, 0.08 mL) was prepared. The TBOT solution was
added dropwise to the GO suspension at a rate of 1 mL/min with vigorous stirring. The molar
ratios of TBOT:water:2-propanol:nitric acid were 1:155:1.5:0.1. The resulting suspension was
stirred at 80°C for 24 hours under reflux to yield the TGO composites. The suspension was then
cooled to room temperature and the composites were collected via centrifugation. These were
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subsequently centrifuge-washed three times with water as described above. The final product was
dried by lyophilization and high-vacuum (10-5 mbar).
Sol-gel Synthesis of Titanium Dioxide and Commercial Titanium Dioxide
TiO2 nanoparticles (S-TiO2) were synthesized by a sol-gel method utilizing the same
procedure as TGO, omitting the addition of GO to the reaction mixture. Commercially available
TiO2 (C-TiO2) was obtained from Nippon Aerosil Co. Ltd as 25 nm anatase nanoparticles.
UV-Vis Reflectance Spectrometry
UV-Vis diffuse reflectance spectra were obtained using a Shimadzu SolidSpec-3700 DUV
UV-Vis-NIR Spectrometer equipped with a diffuse BaSO4 reflectance integrating sphere. A 10%
mixture by mass of the analyte in BaSO4 was prepared and homogenized with an agate mortar and
pestle before packing into the sample cell and being analyzed from 240-700 nm with a slit-width
of 12 nm. The absorbance was calculated from the percent relative diffuse reflectance according
to the Kubelka-Munk function (eq. 1):88
1

1

2
where

is the comparative reflectance with respect to BaSO4 (i.e. the decimal form of the

measured percent reflectance) and

produces the absorbance when applied to r∞.

Fourier Transform Infrared Spectroscopy (FT-IR)
Medium IR (600-4000 cm-1) measurements of C-TiO2 and TGO materials were conducted
using a Thermo Scientific NICOLET 6700 spectrometer by means of a Specac MKII Golden Gate
ATR cell. Each sample was dried under high vacuum (10-5 mbar) for 5 days and loaded into the
cell inside an argon glove-box. Each spectrum was collected with 2048 scans at a resolution of 4
cm-1.

36

Differential Thermal Gravimetric Analysis
Differential thermal gravimetric analysis (DTG) was performed using a Shimadzu DTG60A thermal-gravimetric analyzer. Measurements were performed on samples ranging from 2-4
mg, loaded into open platinum pans, with α-alumina as a reference. The samples were heated from
40°C to 900°C at a rate of 1°C per minute.
Differential Scanning Calorimetry
Differential scanning calorimetry (DSC) was performed using a Shimadzu DSC-60
instrument. Measurements were performed on samples ranging from 2-8 mg, loaded into crimped
aluminum pans, with α-alumina as a reference. Samples were heated from 40°C to 550°C at a rate
of 1°C per minute, and then held for 5 minutes at 550°C.
X-ray Diffractometer (XRD)
Powder XRD spectra were obtained using a Bruker D8 Focus X-ray Diffractometer with
λCu,1α=1.540600 Å and λCu,2α=1.544390 Å. Samples were analyzed from 5-105° 2θ with a stepsize of 0.01° 2θ and a scan-rate of 9 seconds per step.
Transmission Electron Microscopy and Energy Dispersive X-ray Spectroscopy
(TEM/EDX)
All data were collected at 200 kV on a Jeol 2100 transmission electron microscope
equipped with an Ametek JEM 2100 EDAX WDS module for electron dispersive X-ray
spectroscopy (EDX) at the eucentric point to ensure reproducibility of the measurements. A small
amount of sample was placed on a 300 mesh copper grid (TED Pella Inc.) for imaging.
Photoreduction Light Sources
The UV light source consisted of a Spectroline UV lamp with an operating wavelength of
254 nm. The white-light source was purchased (Thinklux Lighting) and was an 18 watt, 5000 K,
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1150 lumens, CRI >90, LED bulb. The flux of both the UV and white-light source were measured
using a Metrologie Laser Power Meter. The UV light had a power of 9-10 µW and the white-light
source had a power of 9 mW at 5 cm from the source.
Liquid Scintillation Counting
Liquid scintillation counting (LSC) was performed on all irradiated samples. 10 µL of
supernatant was added to 5.5 mL of SX12-4 ScintiVerse Scintillation II Cocktail. Counts per
minute (CPM) were obtained for 99Tc on a Perkin Elmer TriCarb 2910 TR.
Instant Thin Layer Chromatography
Instant thin layer chromatography (ITLC) were performed on all irradiated samples.
Supernatant from the reactions were spotted on cellulose paper and exposed to a 0.9% saline
solution as the mobile phase. ITLC was conducted on a Bioscan AR-2000 utilizing a highresolution grating. The P-10 gas (90% argon and 10% methane) used was obtained from Airgas,
Inc.
Photoreduction of 99Tc
10 mg of nanoparticles—TGO, TiO2, GO, and a 50/50 by weight mixture of TiO2 and GO
powders (50:50=TiO2:GO)—and 0.5 mL of 5 mM NH499TcO4 were added to a reduction solution
of 0.5 M sulfuric acid, D2O, and isopropyl alcohol (IPA) (2:1:1 by volume) in a quartz
luminescence cuvette. The suspensions were degassed under N2 for 20 minutes and then exposed
to light for 24 hours while stirring. Three different light conditions were used: UV light at 254 nm
(UV lamp), a broad-spectrum white-light (90 CRI lamp), and darkness. After the irradiation, the
supernatant was separated from the nanoparticles via centrifugation. The concentration of free 99Tc
in the supernatant was quantified using LSC and ITLC. The concentration of 99Tc adhered to the
surface of the nanoparticle was calculated from the percentage difference between the known
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activity of 99Tc in starting material and the 99Tc activity found in the supernatant with respect to
the starting material.
Additionally, a control was prepared as above but omitting GO or TiO2 nanocomposites,
as well as a blank containing no NH499TcO4 nor any nanocomposites.
3.3

Results and Discussion

Fig. 13: UV-Vis absorbance spectrum of C-TiO2, S-TiO2, 50/50 TiO2/GO mixture, TGO, and GO. The yaxis is given in arbitrary units.

Characterization of the TGO relied primarily on comparing the TGO to a control of the
starting GO material, TiO2 synthesized by sol-gel (S-TiO2), and commercial TiO2 (C-TiO2). As
shown in the UV-Vis absorption spectrum (Fig. 13), the C-TiO2 and S-TiO2 have very similar
profiles which are consistent with literature spectra,71, 72 with the TGO showing greater absorbance
out into the visible region. The cut-off wavelengths for the C-TiO2, S-TiO2, and TGO are 388 nm,
376 nm, and 420 nm respectively. The 50/50 by weight mixture of C-TiO2 and GO powders is
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similar to the TGO profile, except it has a lower cut-off wavelength of 396 nm. The GO spectrum
is generally broad and mostly featureless, showing a largely uniform absorbance.
From this UV-Vis absorbance analysis, the S-TiO2 has a bandgap of 3.30 eV, and the CTiO2 has a bandgap of 3.20 eV, which are consistent with literature values,71, 72 while the TGO
composite has a bandgap of 2.95 eV. The 50/50 mixture cut-off wavelength has an energy of 3.12
eV. The following equation was used:
E

h*c

2

λcut-off

where λcut-off is the value of λ intercepted linearly on the x-axis from the inflection points of the
TGO and TiO2 profiles in Fig. 13.
The measured bandgap represents a significant reduction in the bandgap for TGO over the
TiO2 materials, which indicates a successful synthesis of the TGO material, and potential for
increasing the efficiency of TiO2 reduction in the visible region. The 50/50 mixture of TiO2 and
GO also showed a shifted absorbance indicating that the GO does inherently sensitize the TiO2
when they are mixed as powders, but does not show as large a benefit as the synthesized TGO
complex, given the TGO has a higher cut-off wavelength.
The IR spectra of TGO, C-TiO2, and GO are shown in Fig. 14. Bulk anatase is a tetragonal
19
crystal with symmetry described by the I41/amd ( D 4h
) space group. Three IR active phononic

modes (A2u + 2Eu) are expected.89 The spectrum of TiO2 shows intense peaks on a sloping
background at 818 cm-1 and at 733 cm-1. These peaks are identified with the A2u and Eu modes,
respectively. There is also a third peak at 669 cm-1 which is attributed to an additional mode of our
TiO2 because it is comprised of nanoparticles.89 The first two peaks, albeit with a lower intensity,
are clearly recognized in TGO at 818 cm-1 and at 716 cm-1. The third peak is evident from the
spectrum envelope. The peak at 1207 cm-1 in TGO is attributed to the stretching ν(CO) and ν(CC)
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of the skeletal carbon. This peak is significantly shifted to higher energy when compared to the
same peak measured at 1050 cm-1 in GO. This shift is attributed to the limited mobility of the basal
plane of GO interacting with TiO2 nanoparticles. The peak at 1366 cm-1 is associated with the
bending COH or δ(COH), similarly to the peak at 1370 cm-1 of GO.

Fig. 14: FT-IR spectra of TGO, C-TiO2, and GO.

The sulfate and persulfate peaks are essentially no longer present in TGO, as shown by the
EDX measurements (vide infra). This is probably due to their decomposition enhanced by TiO2
nanoparticles in the synthesis of TGO. In GO the stretching S=O or ν(S=O) of sulfate and
persulfate were identified at 1138 cm-1 and at 1159 cm-1.37, 58, 59 The narrow peak at 1223 cm-1 in
GO (see §2.2.13) is attributed to the stretching ν(CO) of vicinal OH groups. This peak is
overlapped with a broader region attributed to the stretching COC or ν(COC). These peaks are
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both absent in TGO. The peak at 1605 cm-1 in TGO is attributed to the stretching C=C or ν(C=C),
similarly to the peak at 1590 cm-1 in GO. However, TGO is wetter than GO in spite of prolonged
drying. Higher water content is reflected by the shoulder peak at 1672 cm-1 in TGO, due to the
bending of water δ(HOH). The stretching carbonyl or ν(C=O) in TGO peaks at 1735 cm-1, while
in GO it peaks at 1745 cm-1. The stretching OH or ν(OH) in GO is found at 3399 cm-1 was assigned
to OH vicinal to epoxy groups. The peaks at 3360 cm-1 and at 3194 cm-1 in TGO were attributed
to ν(OH) due to OH interacting with TiO2 nanoparticles (OHTiO2) and OH involved in hydrogen
bonding (OHHB).
While the FT-IR largely showed the expected spectra for a combination of GO and TiO2
materials, overall, it appears that the vibrations of GO are significantly dampened by the presence
of the TiO2 nanoparticles, in spite of the fact that GO constitute 40% of the total (see thermal
analysis below). This observation is a further proof of the intimate interaction between GO and
TiO2 in the TGO composite.
DTG analysis of the samples (Fig. 15) shows the expected results for GO (compared to
Fig. 1). A first mass loss (15%) is detected below 120°C which corresponds to water loss (the
samples used were simply lyophilized). A second mass loss (of an additional 28%) is detected
between 120°C and 350°C, with a nested feature between 180°C and 290°C, and is attributed to
the loss of surface functional groups. This loss includes decarboxylation of carboxylic groups
through CO2 and CO losses, and loss of organic sulfates and persulfates as SO2. A third mass loss
(from 28% to 105%) was measured between 350°C and 570°C which is attributed to the
decomposition and partial combustion in air of the carbon basal plane and release of carbon
monoxide or carbon dioxide. This mass loss is attributed to decomposition of epoxy and hydroxyl
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groups. The DTG profile ends at negative values after ca. 600°C due to decalibration of the
instrument caused by the explosive nature of GO.90

Fig. 15: DTG profiles of TiO2, TGO, and GO.

The TiO2 sample showed a small mass increase (3%) across a wide temperature range
(40°C to 680°C) due to the coalescence of TiO2 nanoparticles mediated by water adsorption. This
mass loss was reversed between 680°C to 870°C down to 3%, likely from the loss of OH surface
groups on TiO2.
The TGO sample showed a similar loss pattern to that of GO. Loss of water (8%) is
observed below 120°C. A small mass loss (of an additional 7%) is seen between 120°C and 400°C,
corresponding to a more significant loss in GO. This event is attributed to the loss of surface
functional groups. This loss is less pronounced than GO because the GO was diluted by TiO2 and
because some of the functional groups may have reacted with TiO2 nanoparticles during the
synthesis of the TGO composite. A third mass loss (of an additional 11%) is measured between
400°C and 470°C. This mass loss is narrower than the corresponding mass loss in GO (350°C to
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570°C) probably due to the role of TiO2 in enhancing the decomposition of GO within TGO. This
mass loss is likely to be accompanied by the evolution of CO2 and CO. The sample loses further
mass (of an additional 13%) possibly to slower combustion of residual carbon in TGO or loss of
OH groups from TiO2. The remaining calcined residue is due to TiO2.
While the shift to the lower temperature decomposition is visible in the TGO sample, this
shift is not evident in the 50/50 mixture of TiO2 and GO. Since this mixture consisted of the CTiO2, the larger particle size and bulk nature of the C-TiO2, as confirmed in the XRD and TEM
(vide infra), likely explains its poor enhanced degradation performance compared to the larger
surface area available in the smaller particle size S-TiO2 in TGO.
By this method, it can be determined that the TGO sample was approximately 40% GO
and 60% TiO2 by mass. This indicates that there is a mass ratio of 3:2, TiO2:GO in the TGO
product. This is significant in that our starting materials had only 7% GO by weight, but the final
product contains 40%. This is most likely attributed to the TiO2 nanoparticles not adhering to the
GO surface and getting removed during the washing process. The supernatant after centrifugation
of the TGO composites was very cloudy and could not be resolved without extensive high g-value
centrifugation, resulting in a significant amount of TiO2 remaining in suspension.
DSC analysis was performed on the TGO, GO, TiO2, and a 50/50 mixture of TiO2 powder
and GO powder (Fig. 16). The information derived from the DSC spectra is in agreement with the
DTG results and provides further insight. The same TGO sample was run twice in a row, the first
run showing exothermic peaks at 188°C and 441°C, while the second run shows no peaks. The
fact that the exothermic peaks are absent during the second run indicates that they are linked to the
decomposition of GO surface groups and decomposition/combustion of GO basal plane as in the
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DTG results. This interpretation is confirmed by the fact that TiO2 shows no significant features
over the entire temperature range.

Fig. 16: DSC profiles of two consecutive TGO runs, TiO2, GO, and a 50/50 mixture of TiO2/GO powders.

The GO sample shows a single exothermic peak at 155°C. The second peak corresponding
to the mass loss in the DTG profile between 350°C and 570°C is cut off due to instrumental
limitation (an aluminum crimped pan was used) but its inception can be seen above 480°C. The
50/50 mixture shows a single peak at 185°C and is aligned to the 188°C peak of TGO. Both the
latter two peaks are higher than the peak at 155°C of GO. This difference seems to indicate that
the decomposition of the surface groups on GO is delayed by the presence of TiO2.
The crystalline structure of TGO was investigated in comparison to that of the S-TiO2 and
C-TiO2 anatase (Fig. 17). The synthesized S-TiO2 has the same diffraction pattern as the C-TiO2,
however the peaks are broader and less well defined than in the commercial sample, as is typical
of nanomaterials. For the TGO sample, the same diffraction pattern is measurement as in the STiO2 sample, with the addition of a characteristic GO peak (Fig. 4 c) at 11.2° 2θ. The interlayer
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separation in GO is estimated to be equal to 7.9 Å. This value is slightly less than 8.9 Å as in the
case of pristine GO. This difference may be due to the interaction between GO and the TiO2
nanoparticles. Using the Scherrer equation91 to estimate the particle size from the 101 peak yields
6.5 nm for the S-TiO2 and 30.1 nm for the C-TiO2, which is larger than the expected 25 nm.

Fig. 17: Powder XRD spectra of C-TiO2, S- TiO2, TGO, and GO. TiO2 peaks were assigned by correlative analysis
from the literature.77, 92

The difference in definition of the peaks of the S-TiO2 versus C-TiO2 is attributed to
particle size. Larger particle size is linked to more crystalline structure which yields more defined
peaks on the XRD. Conversely, the smaller particle size of the S-TiO2 results in less crystalline
structure and thus broader, less defined peaks.93
The XRD spectra for TGO demonstrate that anatase nanoparticles did form in the reaction,
and that the formation did not have a negative effect on the graphene oxide, or its degree of
exfoliation, which retains its characteristic peak at ~11.2° 2θ. This finding is significant in that the
TGO papers cited in this work did not exhibit a GO peak (~10-11° 2θ) in their TGO spectra. Only
one group addressed this phenomenon and attributed the loss of the GO peak to the disruption of
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the regular stacking of GO by intercalation of TiO2.81 This group had the same 3:2, TiO2:GO
weight ratio as this work but their TiO2 nanoparticles were nanorodular in shape, whereas ours are
spherical. While the TiO2 nanorods had an average diameter of only about 2 nm, their length was
between 5-60nm. This size is also significant in that the S-TiO2 spheres had an average diameter
of only 6.5 nm. It’s possible that the spherical nature and smaller average size of the S-TiO2
particles, the same TiO2 particles produced in the synthesis of TGO, have less of a disruptive effect
on the GO stacking and therefore allow for the GO peak to be observed.

Fig. 18: TEM images for (A) GO, (B) S-TiO2, (C) TGO, and (D) C-TiO2.

TEM images of the GO and TiO2 materials show that GO starting material (Fig. 18 A)
appeared as expected (compare to Fig. 4 b) with successful exfoliation of the graphite precursor.
The TEM of the S-TiO2 nanoparticles (Fig. 18 B) also shows successful synthesis of the
nanoparticles, with a narrow dispersion and an approximate diameter of ~7 nm, along with
significant aggregation of the particles. The TEM of the TGO composite (Fig. 18 C) shows that
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the GO surface has been successfully coated in the S-TiO2 nanoparticles as evidenced by the TGO
composite material area showing the TiO2 nanoparticles covering the cloudy area of the GO. The
TEM of the C-TiO2 (Fig. 18 D) shows a similar aggregation of particles as in the S-TiO2 but with
a highly variable particle size, ranging from ~15-40 nm, which would confirm and help explain
the XRD results and Scherrer calculations.
Fig. 19 shows EDX spectra for the GO and TiO2 materials, where the x-axis is given in
KeV and the y-axis is in intensity. EDX measurements show a pure GO starting material (Fig. 19
A) consisting of only C, O, and S present. The EDX of the S-TiO2 (Fig. 19 B) shows primarily Ti
and O, with some small amounts of C which is likely due to leftover alkoxide starting materials
from the TiO2 synthesis. The EDX for TGO (Fig. 19 C) shows the characteristic GO C, O, and S
peaks with the addition of Ti. The EDX for the C-TiO2 shows that only O and Ti are present.

Fig. 19: EDX spectra for (A) GO, (B) S-TiO2, (C) TGO, and (D) C-TiO2.
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Use of TGO for Photocatalytic reduction of Pertechnetate
Preliminary liquid scintillation counting results (Table 4) are an indication of how much
99

Tc is reduced and bound to the nanocomposite. This was done by centrifugation of the reaction

of 99TcO4- and then measuring the amount of activity remaining in the supernatant. These results
show that GO by itself traps 9.3% of the

99

Tc present under UV conditions compared to no

irradiation, and traps no appreciable amount of 99Tc under white light irradiation. The TGO traps
18.4% of the 99Tc under UV conditions as compared to no irradiation, nearly twice that of the GO.
Under white light irradiation, the TGO doesn’t trap any 99Tc, within the standard deviation. The
50/50 mixture of TiO2/GO showed a 17.2% trapping of 99Tc under UV compared to no irradiation,
matching that of TGO, but also showed no trapping of 99Tc under white light irradiation.
Table 4: Liquid scintillation results for the supernatant of irradiated reactions of 99Tc and GO and TiO2
nanocomposites. A blank containing no 99Tc as well as a control containing only 99Tc and no GO,
TGO, or TiO2 material were used for comparison.

Sample

Irradiation

Blank (No 99Tc)
Control (Only 99Tc)
GO
GO
GO
TGO
TGO
TGO
50/50
50/50
50/50

-

Avg. LSC Counts
23
101,285
96,266
106,174
103,389
83,846
102,699
104,930
82,677
99,866
102,119

UV
Darkness
White Light
UV
Darkness
White Light
UV
Darkness
White Light

Standard
%Captured
Deviation
6
4,461
1,779
9.3%
2,304
0.0%
1,334
2.6%
656
18.4%
835
0.0%
3,545
-2.2%
7,548
17.2%
2,251
0.0%
5,846
-2.3%

The state of the 99Tc in the supernatant was further characterized by ITLC, the results for
which are given in Table 5. The data shows that there are two regions of interest: one at a retention
factor (Rf) of approximately 0.8, and one that moved with the solvent front with an Rf of 1.0. As
the control demonstrates, NH499TcO4 has an Rf of 0.8, while reduced 99Tc species have an Rf of
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1.0. The ITLC data broadly agrees with the LSC data above, showing that reduction of 99Tc occurs
for all of the GO and TiO2 nanocomposites under UV conditions, however it indicates that GO
results in a similar amount (~20%) of reduced 99Tc as the TGO and the 50/50 mixture of TiO2 and
GO within experimental error. The ITLC results in combination with the LSC results indicate that
the TiO2 might itself be binding the

99

Tc, increasing the amount that is trapped in samples that

contain TiO2. More specifically, this indicates that for TGO and the 50/50 mixture ~40% of the
99

Tc in total—half in the supernatant and half trapped in the nanocomposite—is reduced under UV

conditions. In the case of GO, ~30% of the 99Tc is reduced in total with a third of that trapped on
the GO and two thirds is in the supernatant.
Table 5: ITLC results for the supernatant of irradiated
reactions of 99Tc with GO and TiO2 nanocomposites with
two regions of interest. The mobile phase is 0.9% saline.

Sample

Irradiation

Control
GO
GO
GO
TGO
TGO
TGO
50/50
50/50
50/50

UV
Darkness
White Light
UV
Darkness
White Light
UV
Darkness
White Light

Rf ~0.8

Rf ~1

100%
78%
100%
100%
83%
100%
100%
80%
100%
100%

0%
22%
0%
0%
17%
0%
0%
20%
0%
0%

Furthermore, the LSC and ITLC data indicate that while the TiO2 nanocomposites are
effective at reducing and somewhat effective at trapping

99

composite shows no increased ability to reduce and trap

99

Tc under UV conditions, the TGO
Tc under white-light conditions as

compared to a mixture of GO and TiO2 powders. However, it is 25% more effective at reducing
99

Tc under UV conditions than GO by itself.
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3.4

Conclusion
TGO and TiO2 nanocomposites were synthesized and characterized by UV-Vis, IR, DTG,

DSC, XRD, TEM, and EDX. These results confirm that there was a successful synthesis of the
TGO and is in agreement with previous studies. Interestingly, the presence of the GO peak in the
TGO XRD indicates a strong presence of intact GO character in the GO nanocomposites not
observed previously.
It remains unclear whether the TGO nanomaterial’s enhanced visible absorbance is a result
of a shrunken bandgap or is due to the GO acting as a photosensitizer for the TiO2. If GO is a
sensitizer, there will be competing processes: (1) e- injection into TiO2, (2) charge separation on
the GO where the e- is captured by the GO itself before being injected and the hole oxidizes the
sacrificial electron donor (isopropanol), (3) charge recombination wherein the e- simply returns
from the TiO2 to the GO, and (4) the injected e- percolates through the TiO2 to reduce the 99TcO4. These competeing processes could explain the poor reduction perforance for TGO in the visible
region with regards to 99TcO4-.
The preliminary LSC and ITLC results show that GO has an innate ability to trap
which is not a surprise given the abundance of functional groups present to bond with

99

99

Tc,

Tc or

simply trap 99Tc in the bulk material electrostatically. This ability is increased with the addition of
TiO2 which helps further reduce 99Tc under UV irradiation, making it more able to bond with the
GO. Unfortunately, the TGO did not show the expected ability to reduce 99Tc under white light
irradiation. This could be because our TGO material was not as effective at shifting the TiO2
absorption into the visible region as we first thought. Also, while the lamp used for white light
irradiations was rated as broad spectrum, it may not be adequately full spectrum. It is also a

51

possibility that most of the reduced 99Tc isn’t trapped by the GO surface, or quickly reoxidizes to
99

TcO4-.

3.5

Future Work
Future work could involve further investigating the photoreducing power of the TGO. The

use of dyes would allow us to obtain a dye-sensitized TGO or TiO2 with the benefit of more
effectively shifting absorption to the visible region analogously to what is accomplished in dyesensitized solar cells (DSSCs). The white light lamp should be evaluated to ensure it is adequate,
and more precise techniques than LSC could be used to determine how much

99

Tc in total is

reduced vs. how much is trapped by the GO. Such techniques could include 99Tc-NMR, EXAFS,
and cyclic voltammetry. The TGO itself could be analyzed electrochemically under various
lighting conditions to determine its reduction potential.
The structure of the

99

Tc compound that has an ITLC Rf of 1.0 could be further

characterized through preparatory ITLC followed by the same analysis described above.
To prevent the reoxidation of

99

Tc from occurring a

99

Tc chelate such as

diethylenetriaminepentaacetic acid (DTPA) or nitrilotriacetic acid (NTA) could be used either free
or covalently linked to GO or TGO to more efficiently trap 99Tc. Then, analysis could be conducted
using radio-HPLC, radio-ITLC, 1H-NMR, or UV-Vis spectroscopy to determine how much 99Tc
is trapped in the chelate.
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4
4.1

RHENIUM REDUCTION AND CHELATION

Background
The element rhenium has two primary isotopes used in medicine: 186Re and 188Re. Both are

high energy β- emitters (βmax 1.069 MeV and 2.12 MeV respectively) which allow their emissions
to penetrate several millimeters into cellular tissue. Further, each has an accompanying
characteristic γ emission (137 keV and 155 keV respectively), which allows them to be identified
and tracked in vivo via Single Photon Emission Computed Tomography (SPECT) imaging.94 These
characteristics, and their biologically useful half-lives of 89.2 h and 16.9 h, respectively, make
these Re isotopes attractive for use in radiopharmaceuticals.
Rhenium-186 is reactor produced by neutron activation of
leads to a carrier-added product, where non-activated

185

185

Re. This method inevitably

Re (the carrier) is mixed with the

186

Re

product; the two cannot be separated chemically.95 Better radiochemical purity can be achieved
using

186

W as a target.96 Rhenium-188 is generator produced, where reactor produced

adsorbed onto an alumina ion exchange column. The

188

W decays to

188

188

W is

Re which is eluted with

saline off the column as Na188ReO4. This results in a carrier-free, radiochemically pure product
with high specific-activity.97, 98
A metal radiopharmaceutical is most usually prepared in one of two ways, direct-labeling
and indirect-labeling. Indirect-labeled radiopharmaceuticals often consist of three parts: First, a
radioisotope that will be used for imaging or therapy, a targeting vector to direct the metal to a
particular disease or biological process, and a bifunctional chelate that attaches the targeting vector
to the payload (Fig. 20 a). A radiometal payload may also be directly labeled onto a targeting
vector without the use of a chelate (Fig. 20 b), for instance 186Re has been inserted into the sulfur
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bonds of non-active sites on human immunoglobulin (IgG) antibodies.99 This general process is
described in more detail below.

Fig. 20: Diagram of A) typical bifunctional chelate system, and B) a direct-labeled
system.

First generation radiopharmaceuticals were perfusion agents which eschewed targeting
vectors

entirely.

These

distributed

in

vivo

according

to

their

size,

charge

and

hydrophilicity/lipophilicity and are generally coordination complexes, organometallic complexes,
or unknown mixtures (99mTc-phosphonates,

99m

Tc-glucoheptonate). As

99m

Tc agents, these first

generation 99mTc radiopharmaceuticals are the most widely used isotopes in the nuclear medicine
clinic. However, their lack of specific targeting renders them of limited use for treatment of
diseases like cancer.100
Herein, the focus will be primarily on second generation radiopharmaceuticals, which
make use of a targeting vector, and the chemistry of the reduction and binding of rhenium,
specifically 188Re, into these systems.
Rhenium based radiopharmaceuticals are often compared to already successful

99m

Tc

drugs, since both are Group 7 congeners and, in many cases, share similar chemistries.94, 101 Among
Group 7 elements, Tc and Re are more closely related to each other than Mn, the first element in
the group. Re has its seven 4f orbitals filled before its five 5d orbitals. Since the 4f electrons are
poor at shielding the positive charge of the nucleus, the 5d electrons experience a large positive
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attraction which results in a smaller than expected atomic radius for Re, making it similar to Tc,
in what is known as the “lanthanide contraction”.102 Thus, the crystal radii of Mn(VII), Tc(VII),
and Re(VII) are 0.39 Å, 0.51 Å, and 0.52 Å respectively.103 Rhenium and Tc also have the same
metal-chlorine bond lengths, with [TcivCl6]2- and [ReivCl6]2- both having a bond length 2.35 ±0.01
Å.104, 105 These values should be compared with that of the Mn-Cl bond for [MnivCl6]2-, with a
bond length of 2.276 ±0.004 Å.106
For either direct or indirect labeling, Re must first be prepared to react either with the
chelate or directly to the targeting vector. This generally requires reducing Re(VII) as ReO4-, its
most stable oxidation state, to a lower one such as Re(IV) or Re(V) prior to radiolabeling.107
The common

99m

TcO4- reduction procedure used stannous chloride (SnCl2) as the

reductant, however, because ReO4- has less oxidizing power as compared to the Tc equivalent by
about 0.23 V (Fig. 21), it proves difficult to reduce at non-acidic pH (above pH 5), hindering
complex formation.108, 109 Further, the greater stability of the higher oxidation states of Re as
compared to Tc means that Re more readily re-oxidizes even after it has been reduced, resulting
in the decomposition of the Re-chelate complexes.102, 107
A) TcO + 4H + 3e → TcO + 2H O : U = 0.738 V
B) ReO + 4H + 3e → ReO + 2H O : U = 0.510 V
Fig. 21: Reduction potentials for Tc (A) and Re (B); U is the
standard reduction potential.107

Rhenium, like most third-row transition metals, has a relatively high ligand field splitting
compared to other elements of the same group.110 This means that ligand reactions to the metal
center proceed at a slower pace for Re than Tc, which could negatively impact the types of ligand
substitution reactions commonly used for Tc. So, while Tc and Re have some very similar physical
properties, and the already understood chemistry of Tc systems provides a good reference point
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for designing Re systems, the chemistry of Re is sufficiently distinct as to make ligand design
challenging, and the relevant isotopes of Re (188/186Re) have not yet found significant use in clinical
applications.
In a typical direct-labeling method for a protein or antibody targeting vector with Re,
disulfide bonds in the targeting vector are cleaved by a reducing agent to make them available to
bind Re as thiols, Re is then reduced, commonly with stannous chloride, in the presence of a
transchelation buffer. The transchelation buffer consists of a chelate—commonly sodium
gluconate, sodium citrate, or tartrate—which binds the reduced Re preventing it from immediately
reoxidizing. The Re will then leave this “transfer ligand” in favor of the higher affinity binding on
the targeting vector thiol groups to form the final complex.99, 111
In a method known as “pretinning”, the same stannous reductant is used to reduce the
disulfide bonds, coordinate with the sulfide groups to prevent reformation of the disulfide bond,
and reduce the Re for binding.111 This means that the yield of this process is highly dependent on
the concentration of the reducing Sn(II), as there must be sufficient stannous ion present to saturate
the sulfide binding sites and also to reduce the Re. The choice of the transchelation buffer is also
important, as one that more effectively complexes Sn will more effectively be able to remove it
from the sulfur binding to make room for the Re to bind. In previous experiments, at a constant
Sn(II) concentration and using gluconate as the transchelation buffer, which binds Sn well, a 91%
radiolabeling yield of 188Re to a protein was found, while using citrate, a less effective Sn chelate,
resulted in a 51% yield of 188Re labeling to the protein.99
While direct labeling can be used with many types of biomolecules such as proteins and
monoclonal antibodies (mAb), due to negative impacts on immunoreactivity, it is primarily used
with proteins. Direct labeling reduction procedures also require a narrow pH range of 4-5.5 to be
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effective. At lower pH, the immunoreactivity of the antibodies is compromised, and at higher pH
the Re is reoxidized more readily. Further, direct labeling has been shown to lead to an unstable
label.99, 107, 109, 112 For instance, when octapeptides were directly labeled with 188Re, they showed
30-70% dissociation during a cysteine challenge after 1 hour for concentrations of 0.01 mM to 100
mM cysteine.113
Indirect labeling can mitigate these concerns by using a bifunctional chelate. There are two
primary methods of indirect labeling: Pre-conjugation and post-conjugation. In post-conjugation,
the chelate is attached to the targeting vector before reacting with the Re. While this presents the
same restrictions in terms of pH as with direct-labeling, a chelate can surpass direct labeling in
terms of stability.
In pre-conjugation, the Re is reacted with the chelate before being attached to the targeting
vector. While this requires an extra strep to prepare the Re-chelate complex for labeling to the
targeting vector, it opens up the system to a wider variety of reaction conditions that can improve
yields and make use of more potential chelates without the potential of damage to the targeting
vector.114

Fig. 22: Examples generic of N3S (A) and N2S2 (B) ligands.

Among the most common Re bifunctional chelators are those that are tetradentate chelators
classified as N2S2 or N3S (Fig. 22). These chelates consist of either two or three nitrogen binding
sites to the metal center, and two or one sulfur binding sites respectively. The metal core is a
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Re(V)O3+ group, with the O2- ion acting as a coligand. These structures have a distorted squarepyramidal geometry and can have a chiral metal center that exhibits syn and anti diastereomers
based on the orientation of the metal-oxo bond compared to the backbone side-chains.109, 115
The more popular of these are the N3S ligands, which started being used for Re after the
development of mercaptoacetyltriglycine (MAG3) for

99m

Tc in the 1980s. Since radiolabeling

MAG3 typically requires high temperatures (75-90°C) and high concentrations of stannous ion that
would denature proteins, it is usually used in a pre-conjugation method.109, 116
Fig. 23 shows the crystal structure of the well
characterized Re-MAG3 complex, which is structurally
identical to well characterized 99mTc-MAG3.117 The square
pyramidal geometry of the Re core is apparent. While the
hydrogens are not shown in Fig. 23, amine binding sites in
both N3S and N2S2 ligands can be either protonated or
deprotonated depending on the pH of the environment (Fig.
Fig. 23: Crystal structure of Re-MAG3.117
-Reprinted with permission, copyright 1991 Elsevier.

24) which can impact the stability of the complex.118

Fig. 24: Example of equilibria between metal-amine and metal-amide forms at various pH for Re-phenylalaninelysine-cysteine (Re-FKC). -Reprinted (adapted) with permission from Cantorias et al.118 Copyright 2007 American Chemical Society.

While 186Re has been shown to be fairly stable in an N3S chelator,116, 117 other studies with
Re and Tc have shown that this stability can be highly pH dependent, with neutral and basic
solutions showing more decomposition.115

186

Re-MAG3 also showed decomposition due to
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radiolysis with high activity labeling which required mitigation with ascorbic acid.119 The stability
of the ReO-metal core, and which diastereomers are favored, depends strongly on which side
chains are attached to the chelate backbone.115
More recently, peptide based N3S chelates have been investigated for imaging with 99mTc.
These include the

99m

Tc lung cancer imaging drug depreotide and

99m

Tc apcitide, tripeptide

chelators that provide N3S donor atoms and attach to receptor binding sites for imaging
somatostatin receptors and GPIIb/IIIa receptors for imaging platelets, respectively.120
The advantages of peptides are their flexibility, robustness, and relatively inexpensive
starting materials. The binding sites for 99mTc in these radiopharmaceuticals are comprised of the
tripeptides phenylalanine-lysine-cysteine (FKC) and phenylalanine-glycine-cysteine (FGC).
Previous studies from our lab involve FKC and FGC binding sites for 99mTc and Re.118
N2S2 ligands have also been found to be quite stable when binding 99mTc and Re.121 Since
sulfur is a stronger nucleophile than nitrogen, an N2S2 ligand may provide a more stable
environment for Re than an N3S ligand. Further, sulfur is a softer base than nitrogen, which would
match Re as a softer acid than Tc or Mn. However, N2S2 chelates can form disulfide bounds which
would inhibit Re binding unless they are first reduced to thiols prior to conjugation.
Any of these ligands can be further functionalized with numerous groups, including active
esters, isothiocyanates, tetrafluorophenyl, carboxylic acids, or click groups, to make them effective
bifunctional chelates for attaching to antibodies, proteins, or other targeting vectors.109, 121
Herein, a group of N3S tripeptide ligands along with novel N2S2 ligands are examined for
their stability with respect to binding 188Re, looking carefully at the stability over time at various
pH, and the effects of radiolysis.
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4.2

Materials and Methods
Sources of Rhenium-188
Rhenium-188 was obtained from a 188W/188Re generator acquired from Oak Ridge National

Laboratory. The generator was eluted as per the recommended procedure from Oak Ridge
Laboratory, using 20 mL of aqueous 0.9% NaCl solution. After the elution of the generator, 8 mL
of eluent was set aside and concentrated to dryness overnight by having air blown across it. This
was redissolved in deionized (DI) water for later use.
When Oak Ridge ceased production of 188W/188Re generators, 188Re was obtained from a
generator acquired from Isotope Technologies Garching GmbH and eluted as per the
recommended procedure using 10 mL of 0.9% sterile saline. The eluent was concentrated by first
being passed through a silver ion-exchange column (Dionex OnGuard II Ag, 2.5 cc product
number: 057090) and then an anion trapping column (Waters Sep-Pak Accell Plus QMA product
number: WAT010835), before being directed to waste. The anion trapping column was then eluted
with 2 mL of 0.9% sterile saline to obtain the concentrated 188Re solution.
Instrumentation and Analytical Methods
Purification and analysis was carried out via HPLC using a Varian ProStar HPLC system
equipped with a Varian ProStar 325 UV-Vis detector and two Varian ProStar 210 solvent delivery
modules using 25 mL pump heads. All experiments were monitored at 240 nm on the UV-Vis
module. A custom NaI crystal based γ-ray detector consisting of Ortec and Tennelec NIM bin
components—including an Ortec 4006 minibin power supply, an Ortec 590A amplifier, an Ortec
661 ratemeter, and a Tennelec TC 948 high voltage supply—was interfaced to the analog input of
the HPLC system. The HPLC system was controlled and monitored via Varian Star

60

Chromatography Workstation version 6.41. Data was processed and prepared using WaveMetrics
IGOR Pro 6.05.
For all methods, the mobile phase consisted of A: H2O with 0.1% trifluoroacetic acetic acid
(TFA), B: acetonitrile with 0.1% TFA, and the HPLC method consisted of an isocratic portion of
5% B for 5 min at a flowrate of 1.0 mL/min followed by a linear gradient moving from %5 B to
%45 B over 25 min at a flowrate of 1.0 mL/min.
For preparatory methods, a Waters SymmetryShield 5 µm C18 reverse phase (RP) column,
4.6 mm x 150 mm was used.
For analytical methods, a Waters Atlantis 3 μm C18 RP column 4.6 mm x 150mm was
used.
Buffer Preparation
15 mM phosphate buffers (PB) of pH 5, 7.4, and 9 were prepared from ACS reagent grade
stocks of solid NaH2PO4, Na2HPO4 • 7 H2O, and Na3PO4 • 12 H2O purchased from Fisher
Scientific and Acros Organics. Stocks were prepared at 150 mM and diluted to 15 mM as needed.
For example, for a 150 mL stock solution the molar ratios used were: pH 5 14.50 mmol NaH2PO4
and 0.23 mmol Na2HPO4 • 7 H2O; pH 7.4 0.25 mmol NaH2PO4 and 1.41 Na2HPO4 • 7 H2O; and
for pH 9 33.51 mmol Na2HPO4 • 7 H2O and 0.04 mmol Na3PO4 • 12 H2O. The buffers were brought
to the correct final pH using a pH electrode and NaOH or HCl.
Sample Preparation
Typically, 200 μL of Re-188 elution (~3 mCi) was combined with 55 μL of Sn(II)Cl2 (20
mg/mL in 0.05 M HCl), and 110 μL of d-gluconic acid (20 mg/mL in H2O) in a 2 mL microcentrifuge tube. The solution was shaken well, and incubated at 37°C for 30 min. After incubation,
200 μL of the chelate (2 mg/mL in H2O for FKC and FGC, 2 mg/mL in CH3OH for P-11 and BAT-
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TECH) was added to the micro-centrifuge tube, shaken well, and incubated at 37°C for an
additional 60 min. For the P-11 reaction, an additional 10 μL of 1.0 M HCl was added with the
chelate to remove the trityl protecting groups.
For studies where the tracer 188Re was mixed with macroscopic Re, natural Re (natRe) was
added to the 188Re reaction mixture to bind the excess chelate. The macroscopic rhenium solution
was prepared by dissolving 39 mg of ammonium perrhenate (NH4ReO4) in 800 μL of DI water, to
which 0.47 g of sodium citrate was added. A suspension of stannous tartrate (56 mg in 800 μL)
was added to the rhenium-citrate mixture, and stirred for 60 min. The resulting blue solution was
diluted to 2 mL with DI water to form a 0.67 M solution. From this solution, 2 μL was added to
the

188

Re reaction mixture, and the resulting reaction mixture was incubated at 37°C for an

additional 30 min.
Purification of the reactions was carried out using the preparatory HPLC method described
above. Before injection on the HPLC, the solution was filtered using a syringe disc-filter with 0.45
µm pores and a 13 mm diameter to remove any precipitates or colloids.
The filtered reaction mixture (500 µL) was injected into the HPLC, and the product peaks,
where multiple ones existed, were collected together into a single 10 mL round bottom flask or
separately into individual 10 mL flasks. When ascorbic acid was used as a radical scavenger, 20
mg was placed in the collection flask.
Analysis
The HPLC purified products were concentrated to dryness on a micro rotovap. The dry
product was taken up in an amount of PB (pH 5, 7.4, or 9) to result in a solution of 2 μCi per μL,
and moved to a micro centrifuge vial (typically around 140 μL). Analysis was done via analytical
HPLC as described above. Injections were made using 20 μL aliquots of the PB solutions starting
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at 0 hours, immediately after uptake in PB. The solutions were incubated at 37°C between time
points and injections.
4.3

Results and Discussion
N3S Tripeptides
The first chelates investigated were the tripeptides FKC and FGC (Fig. 25). Macroscopic

Re studies have confirmed that Re-FKC and Re-FGC form diastereomers (Fig. 26). A tripeptide
with sidechains forms a metal chiral center, with the syn and anti diastereomers defined with
respect to the orientation of the Re=O core compared to the sidechain of the first amino acid. For
instance, Fig. 26 shows the diastereomers for ReO FGC where the anti diastereomer has the Re=O
group anti to the phenylalanine group, and the syn diastereomer shows the Re=O group syn to the
phenylalanine. These diastereomers result in two product peaks in the HPLC, one for each
conformation. Previous work determined the C18 RP HPLC elution order as the anti conformation
first, followed by the syn conformation.118

Fig. 25: Tripeptides FKC (A) and FGC (B).

The stability study results for 188Re-FKC are shown in Fig. 27, in which the γ-ray trace of
188

Re is monitored via HPLC at timepoints from 0 to 4 hours. The y-axis is in arbitrary intensity
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units, all traces have been decay-corrected and normalized. The x-axis is the retention time in
minutes of the HPLC trace.

Fig. 26: Crystal structures of Re-FGC diastereomers. -Reprinted (adapted) with permission from Cantorias et al.118 Copyright

2007 American Chemical Society.

For Re-FKC and Re-FGC, previous studies have found that the earliest eluting product is
the anti diastereomer followed the syn diastereomer, while perrhenate comes out in the void
volume.118 In those studies the macroscopic Re-FKC and Re-FGC diastereomers were synthesized,
separated by preparative HPLC, purified and crystalized. Crystal structures show clearly that the
first complex to elute was the anti diastereomer and the second complex was the syn diastereomer.
Fig. 27 shows only the

188

Re-FKC diastereomers. These studies were conducted at three

pH values: pH 5, pH 7.4 and pH 9. At each pH, the

188

Re complexes were evaluated at time=0

(immediately upon dissolution in PB), time=1,2,3, and 4 hours. The HPLC data show clearly that
at pH 5, the two complexes (anti and syn) are observed immediately upon dissolution in pH 5 PB.
The amount of the syn and anti diastereomers do not change appreciably over the 4 hour time
course. Peak integration shows that the anti diastereomer is 45.2% abundant and the syn
diastereomer is 54.8% abundant. Decomposition of the

188

Re-FKC syn and anti diastereomers

would be manifest in observation of 188ReO4- (188Re perrhenate) and possibly other decomposition
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products. No decomposition of

188

Re-

FKC syn and anti diastereomers is
observed over the 4 hour time course at
pH 5.
At pH 7.4, the syn and anti 188ReFKC diastereomers are observed as the
only products at time=0 (immediately
upon dissolution in pH 7.4 PB). In
contrast to the pH 5 experiment, the syn
diastereomer is of higher abundance at
the time immediately after uptake in PB.
Integration of the peaks shows that the
anti diastereomer is 27.7% abundant and
the syn diastereomer is 72.3% abundant.
The syn diastereomer decreases in
abundance

relative

to

the

anti

diastereomer with time. Moreover, at 2
hours,

188

Re perrhenate is observed and

this perrhenate grows in with time. At
Fig. 27: Stability study: gamma ray HPLC traces for
at pH 5, 7.4, and 9.
188

188

Re-FKC

four hours, the abundance of the anti
diastereomer, syn diastereomer, and

Re perrhenate are 68.8%, 7.7%, and 23.5%, respectively.
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At

pH

9,

only

the

syn

diastereomer is observed at time=0
(immediately upon dissolution in pH 9
PB).

After

one

hour,

the

syn

diastereomer has entirely decomposed
to perrhenate.
This study reflects that at pH
7.4 the decomposition to
occurs

simultaneously

188

ReO4-

with

inter-

conversion of the syn diastereomer to
the

anti

diastereomer.

The

final

abundances of the anti diastereomer,
syn diastereomer, and 188Re perrhenate
are

68.8%,

7.7%,

and

23.5%,

respectively.
The stability study results for
188

Re-FGC are shown in Fig. 28, in

which the γ-ray trace of

188

Re is

monitored via HPLC at timepoints
from 0 to 4 hours. The y-axis is in
188
arbitrary intensity units, all traces have Fig. 28: Stability study: gamma ray HPLC for Re-FGC at pH 5,

7.4, and 9.

been decay-corrected and normalized. The x-axis is the retention time in minutes of the HPLC
trace.
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Fig. 28 shows only the

188

Re-FGC diastereomers. These studies were conducted at three

pH values: pH 5, pH 7.4 and pH 9. At each pH, the

188

Re complexes were evaluated at time=0

(immediately upon dissolution in PB), time=1,2,3, and 4 hours.
The HPLC data shows that at pH 5 at time=0 the 188Re-FGC syn and anti diastereomers are
present, with the anti being more abundant. However, most the activity is in a broad region between
5-9 min. Peak integrations show that the abundance of the anti diastereomer, syn diastereomer,
and broad region is 16.5%, 7.7%, and 75.8%, respectively. After 1 hour, the 188Re-FGC syn and
anti complexes have almost entirely decomposed to 188ReO4-, and the activity in the broad region
has disappeared.
At pH 7.4 again both the 188Re-FGC syn and anti diastereomers are present at time=0, and,
as with pH 5, the anti diastereomer is more abundant. There is again significant activity in the 5-9
min rage. Peak integrations show that the abundance of the anti diastereomer, syn diastereomer,
and broad region is 47.7%, 10.1%, and 42.2%, respectively. After 1 hour, the broad region has
disappeared. Perrhenate has appeared and the 188Re-FGC syn and 188Re-FGC anti complexes are
still present. The anti diastereomer, syn diastereomer, and perrhenate show an abundance of
47.5%, 12.5%, and 40%, respectively. After 4 hours, the 188Re-FGC syn diastereomer is no longer
present, and the abundance of the anti diastereomer and perrhenate are 27.0% and 73.0%,
respectively. These results indicate that while the

188

Re-FGC complex is more stable at pH 7.4

than pH 5, there is still significant decomposition to perrhenate. It can’t be determined if there is
any interconversion of the syn diastereomer to the anti diastereomer, or if the syn diastereomer
simply decomposes.
At pH 9 at time=0 only the 188Re-FGC anti diastereomer is present with perrhenate, at an
abundance of 51.5% and 48.5%, respectively. After 1 hour, the
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188

Re-FGC complex has

completely decomposed to perrhenate. These results indicate that the

188

Re-FGC complex is not

stable at all at pH 9, as evidenced by the immediate appearance of perrhenate. At all pH levels, the
anti diastereomer is favored, although it can’t be determined if there is any interconversion of the
diastereomers taking place.
To investigate the impact of “carrier”, i.e. macroscopic natRe, complexes on the speciation,
nat

Re was added to the 188Re mixtures. The natRe is in the form of Re citrate which transchelates to

bind excess ligand in the 188Re peptide complexes. Fig. 29 shows these studies of 188/natRe-FKC at
pH 7.4 and pH 9. Accounting for the 30 second delay on the HPLC line between the UV-Vis and
gamma detectors, the HPLC confirms that the radioactive product is the same as the cold

nat

Re

peptide product. In a previous study118 the correspondence of the anti and syn diastereomers
corresponded to the first and second peaks on the HPLC, respectively, these are so marked on the
figures.

Fig. 29: Carrier added study: HPLC γ-ray traces and 240 nm UV traces for 188/natRe-FKC at pH 7.4 and 9.
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Fig. 29 shows that at 7.4 the mixture of the 188Re and natRe, or carrier Re, products is stable
out to 19 hours and possibly 24 with no decomposition to perrhenate and no interconversion of the
diastereomers, though there is very little activity left at 24 hours. For pH 9, the product is stable
for at least 3 hours, though still only the syn product is present. The carrier effect is profound and
impacts the stability of the complexes. This will be discussed further in §4.5 Conclusion.

Fig. 30: Gamma ray HPLC traces of the stability of the individually purified anti and syn diastereomers of 188ReFKC at pH 5, 7.4, and 9.

Fig. 30 shows γ-ray HPLC traces for the

188

Re-FKC complex when the diastereomer

products were separated and purified individually using preparatory HPLC. Studies were
conducted using timepoints at time=0 (immediately after the purified diastereomer was taken up
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in PB) up to 4 hours, and used PB of pH 5, 7.4, and 9. At pH 5 for the purified

188

Re-FKC anti

diastereomer, the data shows that at time=0 only the anti diastereomer is present. After 1 hour, the
anti diastereomer shows some interconversion to the syn diastereomer, there is also some
decomposition to

188

ReO4-. Peak integrations show that the abundance of the anti diastereomer,

syn diastereomer, and perrhenate is 62.8%, 16.0%, and 21.2%, respectively. After 4 hours, nearly
all of the anti diastereomer product has either interconverted to the syn diastereomer or
decomposed to perrhenate, with the relative abundance of the anti diastereomer, syn diastereomer,
and perrhenate at 1.5%, 52.8%, and 45.7%, respectively.
For the purified 188Re-FKC syn diastereomer at pH 5, the data shows that at time=0 the syn
diastereomer is the most abundant product present, with peak integrations showing that the anti
diastereomer is 0.7% abundant while the syn diastereomer is 99.3% abundant. After 1 hour, there
is significant interconversion of the syn diastereomer to the anti diastereomer and decomposition
to perrhenate, and the relative abundance of the anti diastereomer, syn diastereomer, and
perrhenate is 51.8%, 21.0%, and 21.2%, respectively. After 4 hours, there is complete
decomposition of the 188Re-FKC complex to perrhenate. These data indicate that both the anti and
syn diastereomers will interconvert to the other at pH 5 but neither interconverts entirely to the
other, resulting in an equilibrium mixture that matches the mixed diastereomers in Fig. 27. Both
will decompose to perrhenate, but the syn diastereomer will decompose and interconvert more
quickly, showing that pH 5 slightly favors the anti diastereomer in terms of stability.
For the purified 188Re-FKC anti diastereomer at pH 7.4, the data shows that at time=0 both
diastereomers are present with a relative abundance of 75.1% for the anti diastereomer and 24.9%
for the syn diastereomer. After 1 hour, the anti diastereomer has mostly interconverted to the syn
diastereomer or decomposed to perrhenate. The relative abundance of the syn diastereomer, anti
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diastereomer, and perrhenate is 19.9%, 52.1%, and 28.0%, respectively. After 2 hours, the 188ReFKC complex has completely decomposed to perrhenate.
For the purified 188Re-FKC syn diastereomer at pH 7.4, the data shows both diastereomers
present at time=0, along with an unknown peak at 11 min. The relative abundance of the anti
diastereomer, syn diastereomer, and the unknown peak is 23.6%, 60.0%, and 16.4%, respectively.
After 1 hour, the 188Re-FKC complex, and any unknown, has entirely decomposed to perrhenate.
These data indicate that both 188Re-FKC diastereomers will interconvert to the other immediately,
and neither diastereomer is stable at pH 7.4, both decomposing entirely within 2 hours. It is
impossible to judge if there is further interconversion due to the instability of the complexes.
For the purified 188Re-FKC anti diastereomer at pH 9, only the syn diastereomer is present
at time=0. After 2 hour, the syn diastereomer has interconverted back to the anti diastereomer or
decomposed to perrhenate, and the relative abundance of the anti diastereomer is 41.0% and the
abundance of perrhenate is 59.0%. After 3 hours, the 188Re-FKC complex has entirely decomposed
to perrhenate.
For the purified 188Re-FKC syn diastereomer at pH 9, only the syn diastereomer is present
at time=0. After 2 hours, the syn diastereomer begins to decompose to perrhenate, and the relative
abundances of the syn diastereomer and perrhenate are 72.9% and 27.1% respectively. After 3
hours, in addition to continuing to decompose to perrhenate, the syn diastereomer has also
interconverted to the anti diastereomer. The relative abundance of the anti diastereomer, the syn
diastereomer, and perrhenate are 25.1%, 11.7%, and 63.2%, respectively. After 4 hours, the 188ReFKC complex has entirely decomposed to perrhenate. These results confirm the mixed
diastereomer results at pH 9 (Fig. 27) in that initially only the syn diastereomer is present, showing
fast interconversion of the anti diastereomer when present, and that the 188Re-FKC complex is not
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stable at pH 9. However, both the purified anti diastereomer and purified syn diastereomer appear
to be more stable isolated than when collected together, taking longer to decompose, and showing
some late interconversion of the syn diastereomer to the anti diastereomer.
When collected separately, the 188Re-FKC diastereomers appear generally much less stable
than when collected together. This could be because there is an even lower concentration of 188ReFKC in each sample when the diastereomers are collected separately, exacerbating the stability
issues due to low concentration as shown in the carrier-added study. There is also more
interconversion of the diastereomers when collected separately because they are further from
equilibrium. An unstable transition state during the interconversion process could thus also result
in more decomposition of the 188Re-FKC complex to perrhenate.
4.4

Novel N2S2 Chelates
Two novel chelates, dubbed P-11 and BAT-TECH (Fig. 31), were tested for their stability

in binding 188Re in PB at pH 7.4. Neither of these novel complexes have metal chiral centers and
thus don’t exhibit diastereomers; this results in a single product peak in the HPLC.

Fig. 31: Novel N2S2 chelates P-11 (A) and BAT-TECH (B).

The γ-ray HPLC traces for 188Re-P-11 (Fig. 32) show that the complex elutes at ~11.5 min
while perrhenate elutes at ~4min. Fig. 32 A shows that within an hour the

188

Re-P-11 complex

dissociates and forms 188ReO4-. At 4 hours, approximately 50% of the 188Re-P-11 complex remains
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and the rest has decomposed to perrhenate.
The addition of ascorbic acid to the HPLC
purified

188

Re-P11 complex results in

stability of the radiocomplex out to 20 hours
(Fig. 32 B).
The 188Re-BAT-TECH complex has
the same N2S2 metal core as the 188Re-P-11
complex.

However,

the

BAT-TECH

eschews the trityl protecting groups that the
P-11 has on its sulfur groups, it also replaces
the oxo group on the macrocycle with a
bulkier cyclohexane group, and lastly, it
adds two bulky geminal diethyl groups to
the macrocycle.
The γ-ray HPLC traces for

188

Re-

BAT-TECH (Fig. 32 C) shows that the
complex elutes at ~21.5 min, while
Fig. 32: Gamma-ray HPLC traces at pH 7.4 for P-11 without
ascorbic acid (A), P-11 with ascorbic acid (B), and BATTECH without ascorbic acid (C).

perrhenate elutes at ~4 min. The results how
that the complex is stable without ascorbic

for at least 21 hours.
4.5

Conclusion
The results from the tripeptide experiments with FKC confirm some of the conclusions of

previous work, notably that a higher pH reduces the stability of 99mTc tripeptide complexes, which
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is also observed here for

188

Re, while they exhibit more stability at lower pH,99 and that at

biological pH (7.4) the syn diastereomer, at least initially, is favored.118
However, while the carrier added studies show no interconversion of the diastereomers
over the 23-24 hour time course, at pH 7.4, the

188

Re-FKC complex shows an almost complete

interconversion of the initially prominent syn diastereomer to the anti diastereomer over the course
of 4 hours.
Also, unlike indications from previous work118 with non-radioactive Re, neither the 188ReFKC nor the 188Re-FGC complexes proved stable, with the exception of 188Re-FKC at pH 5. This
nat

could be a result of the differences in kinetics between the macroscopic amounts of

Re in a

carrier added Re experiment and the tracer levels of 188Re in a non-carrier added experiment.
Macroscopic concentrations refer to solutions that are mM or above, while

188

Re

experiments have concentrations in the nM or pM range, typically on the order of 100 nM in our
experimental reaction mixtures. This would explain why when there is only
188

188

Re present, the

Re-FKC complexes decompose and interconvert, but with the addition of mM

nat

Re in the

coelution studies, the mixed 188/natRe-FKC complex remains stable.
The 188Re-FKC complex is also more stable than the 188Re-FGC complex, which is likely
due to the amine group on the lysine of FKC. At a lower pH, this group is protonated to an aminium
ion and, as has been observed before,118 this can form a hydrogen-bond to the oxo group on the
188

Re core, stabilizing the overall complex.
When purified separately, the

188

Re-FKC syn and anti diastereomers appear to be less

stable at pH 5 and 7.4, decomposing to perrhenate more quickly than when they are collected
together. Both diastereomers, when stable enough, will interconvert to the other, showing that
there is an equilibrium of the diastereomers at each pH. The reduced stability of the individually
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purified diastereomers could be a result of the increase in interconversion, showing that the 188ReFKC is subject to a potentially unstable transition state during interconversion. At pH 9, the anti
diastereomer will interconvert to the syn diastereomer almost instantly, as was also shown when
the diastereomers were collected together at pH 9. However, the syn diastereomer appears
significantly more stable when purified separately then when purified as the mixture, and exhibits
a slow interconversion to the anti diastereomer. This could be further evidence of an unstable
transition state during interconversion, since the syn diastereomer is most stable and has the
slowest rate of interconversion at pH 9.
For the N2S2 chelates, both stably bind
acid. This indicates that the

188

188

Re, but the P-11 can only do so with ascorbic

Re-P-11 complex is subject to radiolysis induced free radical

decomposition. It’s possible that the two pairs of geminal ethyl groups and the bulky cyclohexane
in the BAT-TECH protect the central chelate backbone from free radicals. The lack of trityl
protecting groups on the sulfurs for the BAT-TECH did not hinder the binding of

188

Re, which

indicates that disulfide bonds either didn’t form or were reduced in situ by the stannous chloride.
Based on these results, N2S2 chelates would appear to be better candidates for tracer level binding
of 188Re than N3S chelates.
4.6

Future Work
Good candidates for future work include exploring the tracer vs. macroscopic stability of

Re complexes further, by comparing a wider range of rhenium chelates, such as MAG3 and
diethylenetriaminepentaacetic acid (DTPA), for their stability for binding macroscopic cold Re
and tracer

188

Re. The P-11 chelate could be further modified with gem-diethyl groups, or other

alkane functional groups to see if there is improvement in its resilience to radiolysis.
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Time based stability trials could be taken to further timepoints to better gauge the stability
of the N2S2 chelates, as well as other stability studies such as serum and cysteine challenges. natReN2S2 complexes could be further characterized using X-ray crystallography, TEM, mass
spectrometry, and NMR. Integration of these ligands onto a graphene oxide (GO) and carboxylated
graphene oxide (CGO)-based support and their characterization is also envisioned.
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5

IMMOBILIZED METAL AFFINITY CHROMATOGRAPHY RESINS
BASED ON FUNCTIONALIZED GRAPHENE OXIDE FOR PROTEIN
PURIFICATION AND TECHNETIUM CAPTURE

5.1

Background
Immobilized metal affinity chromatography (IMAC) is an elegant and powerful method

for the isolation of proteins in high purity.18, 21, 25, 122-124 IMAC stationary phases are used in the
biotechnology sector in different ways: batch, microplate, sensor chip, and column formats.19
Surface exposed amino acids in native proteins such as Glu, Asp, Tyr, Cys, His, Arg, Lys, and Met
can naturally coordinate metals thanks to electron donating groups in their side chains.21,

25

However, recombinant proteins with polyhistidine affinity extensions (His-tags) of different length
(e.g. His6 and His10) can be engineered at the N- or C-terminus for stronger metal coordination,
and therefore easier and more specific protein isolation.25, 125, 126 Most proteins can be genetically
modified for efficient binding to metals provided that the His-tags are sterically accessible. His6tags are most commonly used and assure effectiveness in protein binding along with adequate
metal binding strength.25 His-tags may be cleaved using a protease enzyme, especially when
biological activity is expected to be negatively affected by their presence.21
Existing chelating resins allow the separation of His-tagged proteins from mixtures which
have either lower or no affinity for the same resins. Purification strategies under native or
denaturing conditions are modified by applying different metal ions (including Ni2+, Cu2+, Zn2+,
Ag+, Fe3+, Ga3+, Zr3+, and Co2+). For instance, Ni2+ has low epitope-tag (e.g. His-tag) affinity and
a high nonspecific affinity (e.g. hydrophobic or hydrophilic interactions) and contrasts with Co2+
which has high epitope-tag affinity and low nonspecific affinity.21
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Different types of chelating compounds to bind or immobilize the metal ions have been
considered. These chelating ligands include iminodiacetic acid (IDA),18, 20 mono-nitrilotriacetic
acid (NTA),125, 126 tris-nitrilotriacetic acid (tris-NTA),127 carboxymethylated aspartic acid (CMAsp),128-130 and N,N,N’-tris(carboxymethyl)ethylenediamine (TED).128 IDA is a tridentate ligand,
NTA, tris-NTA, CM-Asp are tetradentate ligands, and TED is a pentadentate ligand. Metal ions
typically require an octahedral coordination and water molecules complete the first coordination
sphere (three H2O for tridentates, two H2O for tetradentates, and one H2O for pentadentates). The
water molecules can be easily displaced by the deprotonated nitrogen atoms belonging to one or
more individual histidines of the His-tag. Deprotonation occurs at pH above 4, as expected from
the pKa of imidazole rings which is equal to 6.21 Ligands with a higher coordination number are
less affected by metal loss, but they have fewer coordination sites available for the proteins. NTA
and tris-NTA offer a reasonable compromise between low metal loss and effective protein capture
with equilibrium dissociation constants of 10 µM and 10 nM, respectively.127 Tris-NTA is a
multivalent ligand which, unlike NTA, allows for self-cooperative binding with a His-tagged
protein.127, 131
The release of His-tagged proteins coordinated to the metal can be performed in three ways:
1) ligand exchange (e.g. with imidazole), 2) pH shift to low values (pH below 4), and 3) extraction
of the metal by chelating agents (e.g. EDTA).21 This allows the His-tagged protein to be eluted off
the resin. After elution, the resin can be regenerated a limited number of times by washing off cell
lysate residues and reloading with Ni(II).
Current IMAC resins are typically comprised of polymeric matrices based on
polysaccharides such as agarose and sepharose.19,

21, 25

These heterogeneous porous supports

exhibit minimal nonspecific steric interactions with the protein analytes. However, the spherical

78

shape of polysaccharide beads results in two main disadvantages: 1) limited protein loading
capacity due to a large volume of mostly inert supporting material in comparison to the active
pores; and 2) broader asymmetric elution peaks due to sieving effects. In general, chromatographic
separation supported by these matrices is traditionally understood as resulting from the
probabilistic adsorption of a single analyte on a single type of adsorption site following Giddings
and Eyring’s stochastic theory.132, 133 The role of multipoint binding (wherein two or more binding
sites cooperate in binding the analyte) was invoked to explain experimental deviations from the
predicted behavior.131,

134-136

The use of 2D materials potentially can offer solutions to the

limitation of 3D materials and at the same time introduce new experimental and theoretical
challenges. Here we explore atomically flat nanomaterials for the design of novel IMAC resins. In
particular, graphene oxide (GO) and its derivatives can provide alternative support surfaces in the
synthesis of metal-chelating resins.22
GO can be understood as an oxidized form of graphene23,

137-141

and is an extremely

interesting polyfunctional material with tunable surface properties.142 Depending on the synthetic
protocol, GO typically exhibits oxygen-content between 8% and 35%.143 GO can be synthesized
by exfoliating graphite under strong oxidation conditions, followed by subsequent reduction with
hydrazine. The residual oxygen-containing functional groups include hydroxyls, epoxides,
carboxylics, aldehydes, lactones, anhydrides, and ketones in the middle or at the edges of the
graphene basal plane.
Since the most common synthetic methods use sulfuric acid, mono- and disubstituted
organic sulfates can be present.37 The dominant carbon atoms on the surface of GO are linked to
hydroxyl (40%) and epoxy (20%) functional groups, while carbonyl carbon atoms (e.g. ketone,
aldehyde, anhydride, lactols) and carboxylic groups constitute 8-10% of the total carbon.36 Infrared
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and 13C NMR of pristine GO indicate that carboxylic groups constitute less than 4-5% of the total
carbon atoms.36 The presence of oxygen functional groups disrupts the aromatic graphene sp2
network, transforming about 40% of the carbon bonds into sp3 bonds above a C/O ratio of 5:1
(20%-oxygen content). In excess of this ratio, GO exhibits an undulated basal plane with 0.6 nm
roughness.142
Single-layered GO provides an ideal platform for the physical-chemical separation of
proteins for several reasons. 1) GO is a material that can be processed in solution. The higher the
oxygen content, the easier it is to suspend GO in water. GO concentrations up to 2.5 mg/mL and
5 mg/mL are possible at 8% to 35% oxygen-content, respectively. Slurries with a concentration up
to 50 mg/mL can be prepared.144 2) Current synthetic methods can be easily applied to produce
hundred-gram quantities of GO. 3) GO is amenable to click-chemistry surface modification,
yielding other types of chemically modified graphene.145 4) Functionalization of GO can be used
to control the hydrophilic vs. hydrophobic properties of the surface which alters the amphiphilic
character of native GO.146-155 5) The planar geometry of GO is suitable to maximize the ratio
between the mass of protein loading (mg) to volume (mL) or the mass of chelating resin material
(g) in comparison to existing 3D polysaccharide-based materials wherein most of the functional
groups are buried within the matrix. Preliminary geometric estimations based on the footprint of
photosystem II (PSII) core complexes and assuming full coverage on both sides of GO (with 35%
O) indicate that a theoretical loading of more than 2000 mg/mL of resin could be achieved.22 This
value, if experimentally attainable, would be three orders of magnitude above currently available
IMAC resins used in the purification of PSII.
Prior research in this area was focused on a specific type of immunoaffinity
chromatography based on GO.151 A GO-streptavidin complex was used for biorecognition as a
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first step towards affinity purification. Other work has been published on covalent tethering of
proteins to GO, for example it is possible to covalently attach proteins to GO via diimide-activated
amidation.156 Additionally, surface assembly of GO nanosheets on SiO2 particles has been used
for the selective isolation of hemoglobin, paving the way towards reverse phase
chromatography.150 Progress in this area has been hampered by the fact that GO behaves as an
inhibitor toward proteins.30, 32 This inhibition effect has been attributed to non-specific binding of
protein to the basal plane of GO or to the presence of oxidative debris.
In this contribution, we expand our ongoing effort22 to show that GO and carboxylated GO
(CGO) in suspension can be used to synthesize IMAC resins where the target molecules are
immobilized by means of nickel coordinative linkages. Besides NTA, we synthesized a new
cooperative binding ligand called bis-NTA. The physical-chemical characterization of the new
resins is reported along with protein-loading capacity studies using e-green fluorescence protein
(eGFP) as the target.157, 158 We also gathered initial results concerning the possibility of using the
proposed IMAC resins for the capture of pertechnetate and reduced technetium-99 that may aid in
radioisotope waste remediation.
5.2

Methods
Synthesis of Graphene Oxide (GO)
GO was synthesized using a modified Hummers’ method33 by adding 6.3 g of nanographite

(Asbury Graphite Mills Inc.) to 230 mL of ice-cold 95% H2SO4 in a 1 L beaker. Potassium
permanganate (30 g) was slowly added to the mixture (for 2 hours) keeping the temperature below
10°C. The temperature of the mixture was raised to 35-40°C for two hours while stirring and then
heated to 65 °C for 30 min, before cooling it down to 10°C. The reaction slurry was slowly diluted
with deionized (DI) water (460 mL) maintaining the temperature below 20 °C. The mixture was
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stirred for 10 min and then transferred to a 4L beaker. 1.4 L of DI water was slowly added to the
beaker along with 25 mL of 30% H2O2 (over 15 min). The mixture was allowed to settle for 24 h,
was then decanted and the supernatant discarded. GO was retrieved by centrifugation for 15 min
at 5000 rpm (with an Eppendorf 5424 bench-top centrifuge) followed by washing six times with
5% HCl solution (total volume of 175 mL). Centrifugation and washing was performed again six
times using DI water (total volume of 175 mL). GO was dried by lyophilization and then suspended
in water with a 2 mg/mL concentration. GO suspensions were brown in color.
Synthesis of Carboxylated Graphene Oxide (CGO)

Scheme 1: Synthesis of CGO from GO with picture of the samples.

Chloroacetic acid (ClCH2COOH) and sodium hydroxide was added to 200 mL of GO
suspension reaching a final concentration of 1.75 and 3.0 M, respectively. The solution was stirred
in a room temperature water bath in a 250 mL polypropylene Nalgene bottle, with a submerged
probe sonicator (Misonix S-4000) pointing at the reaction vessel. The reaction was sonicated for
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4h with 15 V amplitude yielding CGO (Scheme 1). The CGO suspension was black in color. The
material was washed three times with 5% HCl, then washed three times with deionized water (18
MΩ⋅cm). Centrifugation in each washing step was performed at 15,000 g.
Synthesis of bis-NTA Ligand
Commercially available reagents and solvents were purchased from Sigma-Aldrich. BOCAmine159 (Scheme 2, Compound 1) and Boc-Nα,Nα-Bis(carboxymethyl)-L-lysine • nH2O (BocCML) (Scheme 2, Compound 3)160 were prepared using published procedures.161 Analytical thinlayer chromatography (TLC) was performed on polyester-backed TLC plates 254 (precoated, 200
μm, Sorbent Technologies), and silica gel 60 (70−230 mesh, Merk) was used for column
chromatography.

Scheme 2: Synthesis of bis-NTA ligand. The bis-NTA ligand was synthesized by Dinesh Bhupathiraju.

83

Synthesis of Compound 2. As shown in Scheme 2, cyanuric chloride (731.6 mg, 4 mmol)
and N,N-diisopropylethylamine (774 mg, 6 mmol) were dissolved in 20 mL of acetonitrile in a
one neck 100 mL round bottom flask under nitrogen. Then Compound 1 (1500 mg, 6 mmol)
dissolved in 20 mL of acetonitrile was added to the cyanuric chloride mixture drop-wise at 0OC
under nitrogen. Once the addition was completed, the reaction mixture was stirred at room
temperature for 6 h. This compound was extracted using ethyl acetate and a brine solution using a
separatory funnel and the organic layer (ethyl acetate) was collected and then subjected to two
more extractions as mentioned above. The ethyl acetate layer was collected and rotary-evaporated
to obtain the crude mixture. Using a silica gel column with 9:1 ratio of CH2Cl2 and ethyl acetate
as eluent, Compound 2 was separated in 85% yield (1343 mg, 3.4 mmol).
1

H NMR (500 MHz, CDCl3) δ 3.60-3.72 (m, 8H), 3.51 (t, J= 5.65, 2H), 3.23-3.28 (m, 2H),

1.40 (s, 9H); 13C NMR (125 MHz, d-Acetone) δ; 169.59, 168.71, 165.39, 155.20, 77.33, 69.37,
67.92, 40.55, 39.50, 27.27. HRMS (ESI) m/z calcd for C14H23Cl2N5 ([M+H]+), 396.12, found
392.1184; calcd for C14H23Cl2N5 ([M+Na]+), 418.1019, found 418.103.
Synthesis of Compound 4. Compound 2 (671.5 mg, 1.7 mmol) and N,Ndiisopropylethylamine (774 mg, 6 mmol) were dissolved in 10 mL of acetonitrile in a one neck
100 mL round bottom flask under nitrogen. Then Compound 3 (2558 mg, 5.95 mmol) dissolved
in 10 mL of acetonitrile was added to the above reaction mixture drop-wise at 0OC under nitrogen.
Once the addition is completed, the reaction mixture was stirred at room temperature for 8 h. This
compound was extracted using ethyl acetate and a brine solution using a separatory funnel, and
the organic layer (ethyl acetate) was collected and subjected to two more extractions as mentioned
above. The ethyl acetate layer was collected and rotary-evaporated to obtain the crude mixture.
Using a silica gel column with 1:1 ratio of CH2Cl2 and ethyl acetate as eluent the pure compound
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was separated in 78% yield (1568 mg, 1.57 mmol). The resulting compound has Boc-protected
NTA and amino groups.
1

H NMR (500 MHz, CDCl3) δ 3.21-3.54 (m, 26H), 1.48-1.59 (m, 12H), 1.36 (s, 63H); 13C

NMR (125 MHz, CDCl3) δ 171.88, 170.39, 170.18, 165.71, 165.55, 155.72, 80.40, 80.01, 78.69,
78.37, 69.85, 69.73, 64.89, 59.83, 53.23, 40.07, 39.96, 30.14, 27.80, 27.73, 22.99. HRMS (ESI)
m/z calcd for C58H105N9O16 ([M+H]+), 1184.7752, found 1184.7723; calcd for C58H105N9O16
([M+2H]+2), 592.8912, found 592.891; calcd for C58H105N9O16 ([M+3H]+3), 395.5966, found
395.5997.
For deprotection of the Boc-protected groups, 10 mL of TFA/MeOH (1:1 ratio) was added
to the pure compound (1568 mg, 1.57 mmol) and the reaction was stirred at room temperature for
6 h. Then the solvent was evaporated using a rotary evaporator. The resulting product was left
under high vacuum to obtain pure Compound 4 in 95% yield (1114 mg, 1.491 mmol).
1

H NMR (500 MHz, d4-Methanol) δ 2.58-3.48 (m, 26H), 1.01-1.38 (m, 12H); 13C NMR

(125 MHz, d4-Methanol) δ; 172.37, 171.50, 163.96, 163.91, 156.64, 155.78, 155.72, 70.55, 69.76,
69.44, 67.17, 54.88, 40.19, 28.82, 24.10. HRMS (ESI) m/z calcd for C29H49N9O14 ([M+H]+),
748.3472, found 748.3468; calcd for C29H49N9O14 ([M+2H]+2), 374.6772, found 374.6792; calcd
for C29H49N9O14 ([M+3H]+3), 250.1206, found 250.1219.
Synthesis of GO-NiNTA, CGO-NiNTA, GO-bis-NiNTA, and CGO-bis-NiNTA
As shown in Scheme 3, dried XGO (XGO = GO or CGO) was resuspended to 30 mg/mL
in

10mM

N-ethyl-N’-(3-dimethylaminopropyl)carbodiimide

(EDC)

and

10mM

N-

hydroxysuccinimide (NHS) and adjusted to a pH of 3 with HCl. This reaction was shaken for 1
hour on a vortex. The resulting NHS-ester of XGO was washed 3 times with water, and
resuspended with 150 mM CML in 0.5 M K2CO3 at a pH of 10 or with 0.5 g/mL of bis-NTA ligand
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in 0.5 M K2CO3 at a pH of 10, by mixing for 1.5 hours on a vortex. The resulting resins, namely
GO-NTA, CGO-NTA, GO-bis-NTA, and CGO-bis-NTA were washed three times with water by
centrifugation at 15,000 g. The resins were lyophilized and stored at room temperature before
charging. Charging of each resin was carried out by resuspension in 150 mM NiSO4 for 30 min.
The excess solution was removed by centrifugation at 15,000 g for 5 min to remove the
supernatant. The resin was then washed with DI water three times to remove excess Ni.

Scheme 3: Synthesis of XGO-NiNTA and XGO-bis-NiNTA. EDC = N-ethyl-N’-(3-dimethylaminopropyl)
carbodiimide; NHS = N-Hydroxysuccinimide; CML = Nα,Nα-Bis(carboxmethyl)-L-lysine hydrate. The GO-NTA and
CGO-NTA materials were synthesized by John Harrold.

Nuclear Magnetic Resonance
1

H and 13C solution NMR spectra were recorded using a Bruker 500 MHz (spectrometer

operating at 500 MHz for 1H; 125 MHz, for 13C). CDCl3, d-acetone, and d-methanol were used as
solvents; the coupling constants (J) are reported in Hertz (Hz) and chemical shifts are expressed in
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ppm relative to CDCl3 (7.26 ppm, 1H; 77.0 ppm, 13C), (CD3)2CO (2.05 ppm, 1H; 29.84 and 206.26
ppm, 13C), CD3OD (3.31 and 4.78 ppm, 1H; 49.2 ppm, 13C).
High Resolution Mass Spectrometry
Mass analyses were conducted at the CUNY Mass Spectrometry Facility at Hunter College
on an Agilent iFunnel 6550 Q-ToF LC/MS System (for HRMS-ESI). The electrospray ionization
was run in methanol with 0.1% formic acid via direct injection method.
Inductive Coupled Plasma Atomic Emission Spectrometry (ICP-AES)
Washing of GO-NiNTA, CGO-NiNTA, GO-bis-NiNTA and CGO-bis-NiNTA with DI
water was performed seven times before ICP analysis. Each resin (17 mg) was microwave digested
for 30 min at 220°C using an Ethos EX system (Milestone CT) in a mixture of 2 mL HCl, 5 mL
H2SO4, and 1mL HNO3. The resulting digested solution was neutralized using NaOH (Sigma
Aldrich, Ni content < 5 mg/kg) and diluted to a total of 100 mL. Each sample was then measured
on a Shimadzu ICPE-9000 ICP-AES using a 1.8 mm ID high TDS quartz torch using argon as the
carrier gas. The samples were run in triplicates. The Ni line at 231.604 nm wavelength was used
for analysis. Control samples of GO + Ni and CGO + Ni were prepared by incubating GO and
CGO with 110 mM NiSO4 for half an hour and washing them 7 times with DI water after
centrifugation steps at 15,000g. Such control samples, along with pristine GO and CGO, were
processed the same way as the Ni2+-resins and analyzed for Ni content. The results are summarized
in Table 6.
Combustion Elemental Analysis
GO, CGO, GO-NiNTA, CGO-NiNTA, GO-bis-NiNTA and CGO-bis-NiNTA were
lyophilized for two days and dried under high vacuum (10-5 mbar) for 15 days. C/H/N/S/O
combustion elemental analyses of GO and CGO were performed by Galbraith Laboratories.
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C/H/N/S analyses were carried out on the Ni2+-resins. Handling of the samples was conducted
under an inert atmosphere of argon. The results of the elemental analyses are summarized in Table
7.
Transmission Electron Microscopy and Energy-Dispersive X-Ray Spectroscopy
(TEM/EDX)
TEM measurements were taken using a JOEL 2100 transmission electron microscope at
200 kV. EDX measurements were conducted in tandem with an Ametek JEM 2100 EDAX WDS
system using an active area of 30 mm2. The samples were prepared with a lacy carbon substrate
with copper or gold lattices.
Fourier Transform Infrared Spectroscopy (FT-IR)
Medium IR (750-4000 cm-1) measurements of GO, CGO, and the Ni2+-resins were
conducted using a Thermo Scientific NICOLET 6700 spectrometer by means of a Specac MKII
Golden Gate ATR cell. Each sample was dried under high vacuum (10-5 mbar) for 15 days and
loaded into the cell inside an argon glove-box. Each spectrum was collected with 2048 scans at a
resolution of 4 cm-1.
Differential Thermogravimetry and Differential Scanning Calorimetry (DTG/DSC)
Thermal analysis of GO, CGO, and the Ni2+-resins was carried out with a Shimadzu DTG60A apparatus. About 3.4 mg of sample was placed in a platinum pan and was heated from 40 to
900°C at a rate of 1°C/min. DSC measurements were performed using a Shimadzu DSC-60
instrument. Analyses were performed on samples ranging from 2.5 to 3.5 mg, loaded into crimped
aluminum pans, with α-alumina as a reference. Samples were heated from 40°C to 550°C at a rate
of 1°C per minute, and then held for 5 minutes at 550°C.
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eGFP Expression and Isolation
eGFP was overexpressed using a PET28B vector inserted into BL21DE3 E. coli strain. The
His6-eGFP containing E. coli was grown overnight in lysogeny broth (LB) medium (Sigma
Aldrich) at 37°C in a shaker incubator set at 150 rpm to OD600 = 0.8. The cell culture was spiked
with IPTG promoter (1 mM) and allowed to grow for 6 hours. The cells were washed with Tris
Buffered Saline (TBS) comprised of 20 mM Tris, 500 mM NaCl, pH 7.5, then frozen and disrupted
by French press at 20,000 psi. eGFP was loaded onto an IMAC column (HisPur Ni-NTA, Thermo
Scientific) at a flow rate of 0.5 mL/min, washed with TBS with 5 mM imidizole, and then eluted
with 10 column volumes of 300 mM imidizole in TBS. The fractions were buffer exchanged in
Amicon ultracentrifugation tubes (10,000 Da cutoff) into TBS with 20% glycerol for cryostorage.
Protein Capacity Studies
The reversible protein binding of the resins and pristine GO and CGO was tested in batch
mode using eGFP as target analyte. 30 mg of each resin was incubated with 7,865 µg of eGFP in
1 mL of a binding buffer, consisting of TBS with 50% glycerol, and 15 mM imidazole at pH 7.5,
for 1 hour while shaking by vortex. Each sample was spun at 15,000 g for 5 min to remove the
supernatant. Each resin was then washed three times to remove excess eGFP by suspension in 1
mL of the binding buffer followed by centrifugation for 5 min at 15,000 g.
Bound eGFP was eluted from each resin by being suspended in an elution buffer containing
TBS with 50% glycerol and 1 M imidazole at pH 7.5, and shaking for 1h with a vortex. The
samples were spun at 15,000 g for 5 min to retrieve the supernatant with eluted eGFP. The resin
was washed two times to remove residually bound eGFP by resuspension in the elution buffer
followed by centrifugation for 5 min at 15,000 g. The total protein content was determined using
a microplate assay. Each sample was measured as triplicate on polystyrene 96-well microplates.

89

The eGFP recovered was measured by fluorescence with a 395 nm excitation and monitored at a
509 nm emission on a Molecular Devices Gemini EM plate reader. A calibration curve was
constructed by comparing the fluorescence of the eGFP samples to the same samples determined
by a bicinchoninic acid (BCA) assay kit (Sigma-Aldrich QuantiPro BCA Kit, QPBCA) with
bovine serum albumin (BSA) as protein standard (Sigma Aldrich, P0914-10AMP) at a
concentration of 1 mg/mL. The BCA samples were incubated for 60 min at 60°C, and then
analyzed at room temperature in a Molecular Devices Spectramax 384 plate reader.
5.3

Results and Discussion
2D-carbon based nanomaterials hold great promise to providing a solution to the challenges

of current IMAC resins with the added advantage of tunable surface chemistry. In order to realize
the full potential of these materials, we decided to study GO-based IMAC resins in order to: 1)
achieve a meaningful fraction of the theoretical protein loading capacity by increasing the density
of metal coordination sites and controlling aggregation; 2) reduce non-specific affinity with respect
to epitope-tag binding affinity; 3) remove reactive functional groups on GO that may inhibit
bioactivity of proteins; and 4) test first-order performance parameters of the materials in batch
mode. Therefore, we synthesized and characterized GO, CGO, GO-NiNTA, CGO-NiNTA, GObis-(NTA), and CGO-bis-(NTA) and tested their behavior for protein purification of eGFP.
Synthesis and Elemental Analysis of GO-Based Platforms and Ni2+-Resins
We have previously synthesized a new type of GO following a modified Hummers’ method
starting from a graphite precursor. The complete investigation of our GO has been tackled in
Chapter 2. Here only a brief summary of relevant findings is included. Remarkably, we were able
to obtain a new type of GO with oxygen content above levels previously reported (8%-35%).143
The results of the elemental analysis carried out by combustion and ICP-AES yielded the following
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percentages: C (49.4%), H (1.8%), N (undetected), O (42.1%), and S (6.8%). It should be noted
that S is present, a fact commonly disregarded in the literature.37 The C/O ratio is 1.2, less than the
typical values previously observed (1.8-2.5).45 The high oxygen content (and therefore more OH
groups on the surface) makes this GO more suitable for IMAC applications. However, chemical
titrations combined with spectroscopic (NMR and FT-IR) and DFT studies of this material have
shown that the following groups are present: vicinal epoxide and hydroxide groups, isolated OH
groups, mostly isolated double bonds, 5- and 6-membered ring lactols, anhydrides, ketones,
carboxylic groups, mono- and disubstituted sulfate esters. Surprisingly, there were also mono- and
disubstituted peroxymonosulfate esters with vicinal epoxides.
A structural model for GO is shown in Scheme 1. The presence of peroxides (as
peroxymonosulfates) on the order of about 3% by mass is much higher than levels previously
recognized. This result is particularly troublesome because peroxides are likely to be the main
cause of protein deactivation by pristine GO rather than non-specific interactions.30, 162 In this
study, slight changes in the synthetic protocol of GO resulted in a less-oxidized nanomaterials with
a smaller S content. These changes entailed a higher dilution and lower temperature (20°C instead
of 50°C) in the quenching step using H2O2. These changes are apparent in the FT-IR study (see
below).
The presence of S in our GO, and most likely in all GO (synthesized by the Hummers’
method), even commercially available ones, represents another obstacle in the synthesis of a metal
coordinating material because S may act as a ligand toward Ni2+ and Co2+. Also, the amount of
carboxylic acid groups in highly dehydrated GO (1.5% of water) is quite small as observed in FTIR spectra (see below) and likely limited to the perimeter of GO nanosheets.36 Following a
published procedure,163 we synthesized CGO from GO to increase the amount of carboxylic groups
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on the surface (Scheme 1). We treated GO with NaOH (which opens the epoxides and deprotonates
the hydroxyl groups), added cloroacetic acid, then washed with dilute HCl. CGO is characterized
by a significant increase in the amount of acetic acid groups (carboxymethyloxy acid groups) and
unreacted hydroxyl groups. The formation of carboxymethylene acid groups and additional
carboxylic acid groups is also expected deriving from the hydrolysis of 5- and 6-membered ring
lactols and anhydrides. The degree of conjugation of CGO increases due to water elimination (as
shown by a darker color of the dry material with respect to GO). The proposed structure of CGO
is shown in Scheme 1.
Previous BIACORE studies have shown that one NiNTA group can coordinate a Histagged protein with a smaller formation constant than two neighboring NiNTA functional
groups.131 This result provides the proof-of-principle for construction of a new ligand that binds
two metal ions by adding two CML units to cyanuric chloride (Schemes 2 and 3) using well
established chemistry.164 The cooperative binding of His-tags by the adjacent metal ion sites will
increase affinity and selectivity. The cyanuric chloride is conjugated to the acetic acid group on
GO or CGO via a common cross linking agent 2,2'-[1,2-ethanediylbis(oxy)]-diethanamine
(Jeffamine) as a spacer. This reaction gives rise to the bis-NTA ligand. We posited that the
Jeffamine spacer would minimize steric interactions between target proteins and the resin by
projecting the recognition group out of the GO or CGO basal plane. We expected that the bis-NTA
ligand would tend to remain perpendicular to the surface of carbon plane due to osmotic water
inflow.165 This is in analogy to the polydimethylsiloxane surfaces functionalized with
polyethyleneglycol in microfluidic devices used for protein flow,165 which is another potential
application of our technologies.
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We explored the use of GO and CGO as 2D-carbon IMAC supports. GO and CGO
appended with NTA or bis-NTA (yielding GO-NTA, CGO-NTA, GO-bis-NTA, and CGO-bisNTA) bind nickel(II) ions forming GO-NiNTA, CGO-NiNTA, GO-bis-NiNTA, and CGO-bisNiNTA, materials with a stochastic distribution of the ligands wherein many are in close
proximity.

Fig. 33: Proposed structures of GO-NiNTA, CGO-NiNTA, GO-bis-NiNTA and CGO-bis-NiNTA IMAC resins. The
green spheres represent Ni2+ ions bound into the NTA ligands or to the GO or CGO surface.

The structures of the GO-NiNTA, CGO-NiNTA, GO-bis-NiNTA and CGO-bis-NiNTA
IMAC resins are shown in Fig. 33 emphasizing some of the coordinative ligands linked to the
carbon basal planes. The proposed structures are compatible with the compositional analyses
conducted by ICP-AES and combustion, as shown in Table 6 and Table 7, respectively. The
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structures show the ligands NiNTA and bis-NiNTA, but also indicate some Ni2+ ions coordinated
to diolates (e.g. 1,2-diolates,1,3-diolates, etc.),166 some potassium alcoholates and sulfates (in the
case of GO only). The hypothesized structures take into consideration known organic chemistry
reactions, the elemental analysis, and the results of the overall investigation illustrated below. It
should be noted that the structure of GO in GO-NiNTA and GO-bis-NiNTA is affected by the
basic hydrolysis conditions. Therefore, lactols and anhydrides are hydrolyzed to carboxylic
groups. The additional carboxylic groups provide the linking sites for more NTA and bis-NTA
than expected. Also, persulfate and sulfate are completely and partially hydrolyzed, respectively.
Residual sulfates may contribute to the coordination of Ni2+, beside K+ ions with or without the
assistance of alcoholates. More double bonds are present in CGO-derivatives than GO-derivatives.
Table 6: ICP-AES measurements of GO-NiNTA,
CGO-NiNTA, GO-bis-NiNTA and CGO-bisNiNTA IMAC resins.

Combustion analysis reveals the presence of
C, H, N, O, and S in GO and CGO. In going from GO
to CGO, the amount of S and O are decreased, while
C and H are increased as expected. S is lost in the loss
of persulfates and sulfates. The sum of the percentages
is short of 100%. In GO, due to its explosive nature,
the O measurement is affected by a larger error. In
CGO, there is some K left that can interfere with the
analysis by formation of potassium oxide. Therefore,

both in GO and CGO, the quantification of O is underestimated. As far as the Ni2+-resins is
concerned, GO-NiNTA and GO-bis-NiNTA are quite similar. Some S is left behind, likely in the
form of sulfates. CGO-NiNTA and CGO-bis-NiNTA are also similar, with the exception of N
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which increases from 1.46% to 1.78%. Virtually no S is left. The Ni2+-resins beside Ni also contain
K. Both metals can lead to underestimated results in the measurements of O.
Table 7: Elemental analysis of GO-NiNTA, CGO-NiNTA, GO-bis-NiNTA and CGO-bis-NiNTA IMAC resins. *Not
measured due to incompatibility with the presence of Ni and assumed to be equal to pristine GO or CGO.

Element % GO CGO GO-NiNTA CGO-NiNTA GO-bis-NiNTA CGO-bis-NiNTA
C

52.04 58.64

49.58

51.26

49.25

51.33

H

1.44 1.57

1.82

2.09

1.80

2.15

N

< 0.5 < 0.5

1.09

1.46

1.10

1.78

O

38.85 33.71

38.85*

33.71*

38.85*

33.71*

S

2.63 0.14

0.64

< 0.03

0.57

0.04

4.82

5.86

5.35

4.70

Ni

-

-

Total

94.96 94.06

96.80

94.37

96.92

93.70

Ni/Ligand

N/A N/A

2.11

1.92

10.45

5.68

The presence of N in the resins in comparison with the Ni-content analysis (Table 6) allows
determining the ratios of Ni with respect to the ligands, NTA or bis-NTA (Table 7). The ratios of
Ni/NTA in the GO and CGO-based resins is about 2. One Ni2+ is expected to the linked to NTA,
coordinated by the one carboxylic and two carboxylate groups and the lone-pair of N. The second
Ni2+ is coordinated by other functional groups on the surface. We propose that Ni2+ is complexed
by vicinal or higher-order diolates. Most likely only 1,2-diolates and 1,3-diolates have the proper
orientation to coordinate Ni2+.166 This is due to the structural rigidity of the carbon basal planes of
GO and CGO. Sulfates may also contribute when present. The ratio of Ni/bis-NTA shows greater
variability, between 5.68 and 10.45 per ligand. We expect that each NTA in bis-NTA coordinates
one Ni2+. Negatively charged nitrogens and NH groups of the melamine moiety may coordinate at
least 3 more Ni2+ ions167, 168 for a total of 5. K+ and SO42- (KSO4-) would balance the single positive
charge of each Ni on the triazine ring of the bis-NiNTA complex. Therefore, CGO-bis-NiNTA
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behaves in a predictable manner with the possibility of extra Ni2+ coordinated by vicinal
alcoholates. There is also the possibility of coordination by unreacted COOH groups given that
bis-NTA does not completely react with these groups on the GO surface and edges.
It is unclear why GO-bis-NiNTA is trapping twice as much Ni2+ ions. We suggest that it
may be attributed to cooperative effects of diolates on the surface of GO and the bis-NTA ligand.
This interaction is likely to take place mainly through the triazine(Nix /Ni2+
3-x ) component, where x
varies from 1-3. However, diolates in the case of GO-bis-NiNTA and CGO-bis-NiNTA are
expected to behave differently. CGO in comparison to GO has more double bonds on the periphery
of the flakes that can better delocalize negative charges on C-O- moieties. This delocalization
would occur via enolate-ketocarbanion resonance structures. Therefore, the formation of Ni2+diolate moieties is significantly less likely in CGO-bis-NiNTA as opposed to GO-bis-NiNTA.
The overall value of Ni2+-uptake (Table 6) varies between 46.98 mg/mL and 58.56 mg/mL.
These values are significantly higher than commercial resins, which exhibit a Ni2+-content between
0.35 to 1.06 mg/mL. The comparison with commercial resins requires some caveats, as illustrated
below in the protein purification section. GO and CGO tend to coordinate Ni2+ too, 9.29 mg/mL
and 23.30 mg/mL, respectively. Some Ni is present in the NaOH used for neutralization after
microwave digestion, so even pristine GO and CGO not directly exposed to NiSO4 exhibit small
quantities of Ni in mg/mL of resin. CGO incubated with Ni salts adsorb 2.5 times the Ni of GO.
The difference between the metal-content of CGO and that of GO can be attributed to the
carboxylic groups introduced on the surface. It can be calculated that 60% of the Ni is coordinated
by carboxylic groups and 40% is coordinated by other groups on the surface, such as diolates and
sulfates if present. The introduction of the ligands NTA and bis-NTA results in further increment
of the amount of Ni that is trapped. Considering the amount of Ni adsorbed on GO as the baseline,
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the percentages of the Ni2+ ions coordinated by the ligands with or without the cooperation of
diolates in GO-NiNTA, CGO-NiNTA, GO-bis-NiNTA and CGO-bis-NiNTA are 81%, 83%, 84%
and 80%, respectively. The complementary percentages represent the amount of Ni coordinated
exclusively by other functional groups on the surface (vicinal alcoholates).
The result that the Ni-content is very similar for all resins can be attributed to the fact that
the synthesis of the resins entails basic conditions. As a consequence of basic hydrolysis, GO
becomes more similar to CGO than initially supposed. Also, more ligands than expected are
covalently attached to GO because more carboxylic (or carboxylate) groups are generated on the
surface from lactols and anhydrides.
The explanation delineated above about the distribution of Ni2+ between the ligands and
oxygens on the carbon basal plane is quite reasonable. It may be also that the ligands are acting as
wedges between the layers of GO and CGO platforms and by distancing the layers they let more
Ni ions in. This behavior would be similar to metal-intercalation in intercalation compounds (e.g.
GO-based cathodes).
Morphological Studies
The morphology of the samples
was investigated by carrying out TEM
measurements as shown in Fig. 34. The
TEM images show that GO, CGO,
Ni2+-resin

nanomaterials

are

characterized by a high degree of
exfoliation. Visible individual layers
Fig. 34: TEM images of GO, CGO, GO-NiNTA, CGO-NiNTA,
GO-bis-NiNTA and CGO-bis-NiNTA
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are seen on the edges of aggregated

clusters even when Ni is present. There is no evident signature of the ligands or the metals present
on the surface of the resins when compared to the carbon precursors.
The EDX of GO and CGO (Fig. 35)
indicate that C, O are present in both
nanomaterials

with

no

detectable

metal

contamination, and S is not found in CGO. The
EDX spectra of GO-NiNTA, CGO-NiNTA,
GO-bis-NiNTA and CGO-bis-NiNTA are
shown in Fig. 35. It can be seen that C, O, Ni
and K are present in all samples, while S is
present only in GO-NiNTA and GO-bisNiNTA. K is present because K2CO3 is used in
the ligand cross-linking step with CML or bisNTA. K+ ions on the surface can be associated
Fig. 35: EDX of GO-NiNTA, CGO-NiNTA, GO-bis-NiNTA
and CGO-bis-NiNTA IMAC resins. *Residual Cu band from
background correction.

either with alcoholates or sulfate groups
when present. No detectable amounts of N

are measured, although N may still be present as a shoulder at 0.392 keV of the dominant C peak
at 0.277 keV. This is not a surprise, because with an atomic number Z below Cl, EDX is not very
reliable.
Vibrational Investigation
The medium infrared spectra of GO, CGO, and Ni2+-resins are shown in Fig. 36. The
spectrum of GO reveals the presence of the stretching vibrations ν(CC) and ν(CO) at 1055 cm-1
with a shoulder at 981 cm-1.45, 48 The peak at 1356 cm-1 is attributed to the bending δ(COH).45, 48
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The peak at 1591 cm-1 belongs to the stretching ν(C=C).45, 48 The peak at 1735 cm-1 corresponds
to the stretching ν(C=O) region which is due to carboxylic groups, ketones, anhydrides, and
lactols. The narrow peak at 1224 cm-1 is assigned to the stretching ν(CO) of vicinal OH groups for
the first time along with the overlapped stretching epoxide ν(COC) vibrations.47
In the OH region, the stretching ν(OH) envelope peaks at 3427 cm-1. This peak is attributed
to the OH groups vicinal to epoxide groups, the most abundant type of OH groups in GO.49 The
peak at 845 cm-1 is attributed to the stretching ν(OO) of peroxides,61 likely in the form of
persulfates. This peak is associated with persulfate peaks buried in the envelope at 1159 cm-1,
previously detected in a more oxidized form of GO.58 The corresponding organic sulfates are also
buried and would be found at 1138 cm-1.37, 59

Fig. 36: FT-IR spectra of GO, CGO, GO-NiNTA, CGO-NiNTA, GO-bis-NiNTA, and CGO-bis-NiNTA.
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CGO is clearly distinguishable from GO. The stretching ν(CC) and ν(CO) bands are
measured at 1038 cm-1.45, 48 The bending δ(COH) is seen as a shoulder at 1343 cm-1.45, 48 A new
major peak is observed at 1237 cm-1 which is attributed to the stretching ν(COC)47 associated with
carboxymethyloxy groups overlapped with the ν(CO) of vicinal OH groups. The dominant ν(OH)
peak at 3325 cm-1 is attributed to OH groups hydrogen bonded to oxygen groups, likely connected
to the vicinal OH groups. The stretching ν(C=O) region is narrower than that of GO and peaks at
1731 cm-1 corresponding to the COOH groups.169, 170 More specifically, these groups are mainly
due to carboxymethyloxy, carboxymethylene, and carboxylic acid groups. The basic hydrolysis of
GO results in an increased amount of stretching ν(C=C) at 1583 cm-1.45, 48
There is a very close similarity between the spectra of GO-NiNTA and GO-bis-NiNTA,
indicating that the difference of ligand (CML as opposed to bis-NTA) does not translate to major
vibrational changes. Both GO-NiNTA and GO-bis-NiNTA resemble the spectrum of GO with
some differences. The stretching ν(OO) at 827 cm-1 is smaller when compared to that of GO and
is shifted to lower energies.61 The ν(C=O) bands at 1726 cm-1 are weaker as expected due to
amidation of the COOH groups. The intensity of the ν(C=O) of GO-bis-NiNTA is slightly more
intense than the same peak of GO-NiNTA, as the number of COOH is doubled in bis-NTA with
respect to NTA. More specifically, one third of the COOH groups in NTA and bis-NTA are
expected to be in the acid form, while 2/3 would be found as carboxylates. The COO- groups are
likely associated with Ni2+ ions. Both the formation of amide groups, (O=C)-N,171 and
carboxylates (antisymmetric COO- band)171 can further enhance the stretching ν(C=C) at 1621 cm1 45, 48

.

No detectable signature for the triazine ring is measured in this region. Also, the bending

δ(COH)45,

48

at 1366 cm-1 is enhanced by the overlap with stretching ν(C-C) in CH2-C=O

moieties.171 Stretching ν(COC) due to carboxymethyloxy is detected at 1245 cm-1. The absence of
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a narrower peak in the same region due to the stretching ν(CO) of vicinal OH groups is noticed.
We think that vicinal OH groups in the form of vicinal diolates, beside higher-order diols (e.g. 1,3diols, 1,4-diols, etc. ), participate in additional coordination of Ni2+ ions.166 The ν(OH) peak at
3390 cm-1 is attributed to OH groups vicinal to epoxide groups as in GO. The shift towards lower
energies can be attributed to increased hydrogen bonding level.
The spectra of CGO-NiNTA and CGO-bis-NiNTA are also very similar to each other and
can be traced back to the CGO spectrum. The stretching ν(CC) and ν(CO) bands are essentially
unaffected. The stretching ν(C=O) band at 1735 cm-1 due to carboxylic169, 170 and amide groups171
is significantly weakened with respect to the same band in CGO. The intensity of the ν(C=O) of
CGO-bis-NiNTA is more intense than the same peak of CGO-NiNTA, as expected. This is again
expected given that a good amount of the original COOH groups in CGO were turned into amide
groups in the formation of the chelating ligands. The stretching ν(COC) exhibits a diminished
intensity in the resins with respect to CGO. Again, there is no evidence of the stretching ν(CO) of
vicinal OH groups because they are involved in Ni2+ ion coordination. The stretching ν(C=C)45, 48
at 1580 cm-1 is also enhanced with respect to CGO because of the overlap with the antisymmetric
CO2- band and amide groups, (O=C)-N.171 No triazine ring vibrations are detected in this region.
The COO- groups participate in Ni2+ ion coordination. The ν(OH) peak at 3309 cm-1 is attributed
to OH groups hydrogen bonded to carboxylates groups. It should be noted that stretching ν(CH)
bands are present in both CGO-based resins and in GO-based resins.171 The same stretching was
observed in pristine GO.
Thermal Investigation
The DTG profiles of GO, CGO, GO-NiNTA, CGO-NiNTA, GO-bis-NiNTA, and CGObis-NiNTA are shown in Fig. 37. The differences between GO and CGO are immediately apparent.
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Below 120°C water loss is observed (11% and 9%, respectively). GO loses further mass (47%)
between 120°C and 400°C with a nested event between 194°C and 254°C (9% mass loss). This is
a composite event in which surface functional groups on GO, including carboxylic groups, lactols,
anhydrides, sulfate, and persulfates decompose with evolution of CO, CO2, and SO2.37, 90 The
nested event may be more specifically attributed to SO2 evolution. CGO loses further mass (25%)
between 120°C and 280°C, at a lower temperature with respect to GO. This event corresponds to
the decarboxylation of carboxymethyloxy acid groups, carboxymethylene acid groups, and
carboxylic acid groups. GO shows a significant mass loss (47%) between 400°C and 580°C down
to negative values. This loss corresponds to the decomposition of the carbon basal plane with
remaining epoxy (likely in the form of alcoholates) and hydroxyl groups and their partial
combustion in the presence of air. This reaction results in decalibration of the instrument.90 There
is no residue left above 580°C. CGO exhibits a major mass loss (of additional 58%) at lower
temperature, between 280°C and 480°C, which is attributed to the same type of
decomposition/combustion. The final loss of 3.5% between 480°C and 868°C leads to a carbonate
residue.
It can be noticed that the GO-based resins have similar profiles as the CGO-based resins.
GO-NiNTA and GO-bis-NiNTA lose water below 120°C with mass losses of an additional 11%
and 13%, respectively. A second mass loss (a further 30% in both cases) is measured between
120°C and 235°C due to the loss of most surface functional groups leading to CO, CO2, SO2,37, 90
and NOx evolution. A third mass loss is seen between 235°C and 400°C of 54% and 50% in the
case of GO-NiNTA and GO-bis-NiNTA, respectively. This event corresponds to decomposition
of the carbon basal plane with remaining epoxy and hydroxyl group and their partial combustion
in air. After 400°C and 868°C there is just a small loss (3.5% and 6%, respectively) that leads to
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the formation of white-colored nickel(II) oxide (NiO) or K2O, possibly mixed with Ni(II) or K
carbonates.

Fig. 37: DTG profiles of GO, CGO, GO-NiNTA, CGO-NiNTA, GO-bis-NiNTA and CGO-bis-NiNTA.

CGO-NiNTA and CGO-bis-NiNTA lose water below 120°C with mass losses of 8% and
10% respectively. A second mass loss is observed between 120°C to 240°C equal to 23% in the
case of CGO-NiNTA and 25% in the case of CGO-bis-NiNTA. These mass losses correspond to
the decomposition of surface functional groups associated with CO, CO2, SO2,37, 90 and NOx
evolution. The third mass loss occurs between 240°C and 400°C in the amount of 51% and 51.5%,
in the case of CGO-NiNTA and CGO-bis-NiNTA, respectively. This mass loss is attributed to
decomposition of the carbon plane in the presence of epoxy and hydroxyl groups and their partial
combustion in air. A small loss of about 5% and 7% occurs between 400°C and 868°C leading to
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NiO formation. The amounts of residues are 13% and 7%, respectively, opposite from what one
would expect given the higher Ni-content in CGO-bis-NiNTA with respect to CGO-NiNTA. This
result is still within acceptable variations due to sample preparation and experimental error. A very
small residue is left at the end of the run composed of Ni and K oxides and carbonates.

Fig. 38: DSC profiles of GO, CGO, GO-NiNTA, CGO-NiNTA, GO-bis-NiNTA, and CGO-bis-NiNTA.

The DTG results were corroborated by DSC measurements. The DSC profiles of GO,
CGO, GO-NiNTA, CGO-NiNTA, GO-bis-NiNTA, and CGO-bis-NiNTA are shown in Fig. 38.
GO, when compared to CGO, exhibits a more intense exothermic peak at 178°C as opposed to
167°C. This peak is attributed to the decomposition of the surface functional groups that lead to
CO, CO2 and SO2 evolution.37, 90 Smaller peaks resembling that of CGO are observed at 157°C
and 160°C for CGO-NiNTA and CGO-bis-NiNTA, respectively. Peaks with intermediate intensity
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between that of GO and that of CGO are observed at 172°C and 171°C for GO-NiNTA and GObis-NiNTA. A very high exothermic peak is observed for CGO at 386°C. The onset of the same
event is observed in GO above 500°C. This peak corresponds to the decomposition of the carbon
basal plane with alcoholates, hydroxyl groups (and ether groups in the case of CGO) and their
partial combustion in the presence of air. The DSC profiles of the Ni2+-resins between 200 and
400°C is mostly related to the same event and reveals the similarity of GO-NiNTA to GO-bisNiNTA and CGO-NiNTA to CGO-bis-NiNTA. The profiles of the GO-based resins consist of a
simple peak at 329 and 325°C for GO-NiNTA and GO-bis-NiNTA, respectively.
In the cases of the CGO-based resins, a composite peak is observed with maxima at 333
and 322°C for CGO-NiNTA to CGO-bis-NiNTA, respectively. For both latter resins, high and low
shoulders are observed at 355 and 248°C. The lower shoulder at 248°C is attributed to a secondary
decarboxylation event,37, 90 the higher shoulder and the main peak are unassigned. It can be seen
that the peaks of GO-bis-NiNTA and CGO-bis-NiNTA slightly trail behind with respect to the
corresponding NiNTA resins. In summary, the Ni2+-resins appear to be stable up to 130°C, an
acceptable temperature for most applications. When GO- and CGO-derivatives are wet they do
not present a risk of explosion. Also, the explosive behavior of GO does not appear to be a concern
in the case of the Ni2+-resins even in a dry state.
Protein Purification
Fluorescent protein eGFP was used for testing the properties of GO, CGO, GO-NiNTA,
CGO-NiNTA, GO-bis-NiNTA, and CGO-bis-NiNTA as IMAC resins. GO and CGO treated with
Ni2+ were used as controls (GO + Ni and CGO + Ni). eGFP was selected because of its green
fluorescence characteristics, significant UV-Visible absorption properties, and the fact that it has
been previously used as prototype protein for IMAC testing in commercially available resins. The
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protein loading study was conducted in batch mode and not in column format. The expected yields
for batch separations are typically less than those for column separation. Simple thermodynamic
considerations can shine light on why that is the case. In eq. 3a and b, the loading equilibrium of
the resin is shown along with the formation constant Kf. Kf is expected to be much greater than 1.
+ !"#$ ⇌

Kf =

"#$

(3a)

&

[IMAC(GFP)n ]
[IMAC][GFP]n

(3b)

It is quite clear that the higher the concentration of GFP, the higher the protein-loading on
the IMAC resin. When GFP is loaded under batch conditions, more of the protein will bind because
the system is closer to equilibrium and active mixing is usually employed to facilitate binding.
However, in column format the protein is slowly loaded (0.25-0.5 mL/min) onto the column and
dynamically binds to the column not at equilibrium conditions.
In eq. 4a and b, the dissociation equilibrium of the protein-loaded IMAC resin in the
presence of imidazole (Im) as a competing ligand is shown along with the dissociation constant
Kd. Kd is expected to be 10 µM or lower.127
"#$
Kd =

&

+ 'Im ⇌

Im

[IMAC (Im )n (GFP )n − m ][GFP ]m
[IMAC (GFP )n ][Im ]m

&

"#$

& (

+ '"#$

(with m ≤ n)

(4a)
(4b)

Batch chelation occurs under finite dilution conditions as opposed to infinite dilution
conditions for column chelation. Therefore, the value of m in batch conditions (closer to
equilibrium) is on average lower than in a column where fresh eluent with imidazole is pumped
continuously through the resin. The reaction quotient Qd in column format will be smaller than Kd
for batch conditions and more eGFP will be eluted.
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Fig. 39: Artistic image of GO-NiNTA or CGO-NiNTA loaded with His6-tagged eGFP dimers. Image by
Michele Vittadello.

In our study, 7.865 mg of eGFP (see Fig. 39 and Table 8) was loaded on 30 mg of each
resin in batch mode. The theoretical protein loading capacity was therefore 262.2 mg/mL. The
excess protein was washed away three times with 1 mL of TBS buffer at pH = 7.5 (see §5.2.13)
with 15 mM imidazole. The amounts of bound protein to GO-NiNTA, CGO-NiNTA, GO-bisNiNTA, and CGO-bis-NiNTA before elution varied between 253 and 262 mg/mL and was very
close to the theoretical capacity. The control samples, GO + Ni and CGO + Ni, show a very high
protein uptake too, 248 and 262 mg/mL, respectively. These very high protein loading levels are
quite remarkable but can be accounted for. It can be calculated that the highest amount of eGFP
that could be loaded on GO is about 2200 mg/mL. This value can be estimated assuming a footprint
of 3x3 nm2 per eGFP unit with the possibility of binding on both sides of each GO nanosheet. This
theoretical yield corresponds to about 8x10-5 mol/mL of GFP. This molar amount is smaller than
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the moles of Ni2+ (> 1.6x10-4 mol) in all Ni2+-resins including the controls deliberately doped with
Ni (Table 6).
Table 8: Protein loading parameters of GO, CGO, GO-NiNTA, CGO-NiNTA, GO-bis-NiNTA and CGO-bis-NiNTA
IMAC resins.
Resin Parameter

GO + Ni

CGO + Ni

GO-NiNTA

CGO-NiNTA

GO-bisNiNTA

CGO-bisNiNTA

Mass

30 mg

30 mg

30 mg

30 mg

30 mg

30 mg

Volume

30 µL

30 µL

30 µL

30 µL

30 µL

30 µL

7.865 mg

7.865 mg

7.865 mg

7.865 mg

7.865 mg

7.865 mg

0.0135 mg

0.4064 mg

0.0856 mg

0.01354 mg

0.2414 mg

0.01684 mg

eGFPbound

7.851 mg

7.458 mg

7.779 mg

7.851 mg

7.624 mg

7.848 mg

eGFPeluted

0.7794 mg

0.9344 mg

1.252 mg

0.9292 mg

1.510 mg

1.022 mg

Capacitybefore elution

261.7 mg/mL

248.3 mg/mL

259.0 mg/mL

261.4 mg/mL

253.8 mg/mL

261.3 mg/mL

Capacityeluted

25.98 mg/mL

31.15 mg/mL

41.72 mg/mL

30.97 mg/mL

50.32 mg/mL

34.08 mg/mL

10%

13%

16%

12%

20%

13%

eGFPinitial
eGFPunbound

%eluted

Elution was performed three times with 1mL of the same buffer containing 1 M imidazole.
The percentage yield with respect to the bound protein varied between 10% and 19%. These values
indicate that most of the proteins remain non-specifically bound to the resins. However, the eluted
capacities varied between 26 and 49 mg/mL for the resins and the controls. The performance of
the resins in decreasing order was the following: GO-bis-NiNTA > GO-NiNTA > CGO-bisNiNTA > CGO-NiNTA. This performance order does not seem to correlate with the Ni/ligand
ratios (Table 7) or the absolute Ni content (Table 6). The GO-based resins outperform the CGObased resins and the bis-NTA ligand is better than the NTA ligand. It is not surprising that in bisNTA cooperative binding and additional Ni2+-ions on the triazine ring prevail on the binding of
NTA alone. However, contrary to our expectations, it appears that under the elution conditions
used in this study CGO exhibits more non-specific binding than GO. This observation can be
attributed to the higher number of double bonds on the carbon surface which is at the origin of
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more hydrophobic interactions. The best resin was GO-bis-NiNTA with 50.3 mg/mL. Assuming
that every Ni2+ coordinates one eGFP dimer, the expected loading would be 49.1 mg/mL. The fact
that the capacity before elution was 253.8 mg/mL indicates that non-specific binding is most likely
present unless the Ni-content is coarsely underestimated. eGFP, as a dimer, is characterized by
His-tags on opposite sides. These epitope-tags promote aggregation between layers and also a
Ni2+-coordinated eGFP can become the seed for local aggregation/crystallization of other eGFP
proteins. Both types of aggregation can limit the accessibility of the Ni2+-sites to imidazole and
decrease protein-elution levels.
The value of 50.3 mg/mL is similar to most commercial resins and short of the highest GFP
loading capacity measured with Thermo Scientific HisPur Ni-NTA resin (60 mg/mL). However,
it should be pointed out that typical polysaccharide-based resins are commercialized as wet
spherical beads. The packing efficiency of such beads can reasonably vary between 52% (simple
cubic close packing) and 74% (hexagonal or cubic closest packing). Also, the beads swell in the
presence of liquid when compared to dry beads. Therefore, the volume comparison with our 2D
nanomaterials requires some caution. The volume of each of our 2D resins when wet is about 1
µL per mg. Each dry resin occupies a bigger volume (because it is fluffy) than when it is wet and
shrinks to its smallest volume. The packing efficiency of our wet resins is certainly above 74%
and possibly close to 95%. Therefore, for a direct comparison, the value of 50.3 mg/mL should be
adjusted to 66.3 mg/mL (assuming 74% packing efficiency) or 94.4 mg/mL (assuming 52%
packing efficiency). If we were to consider the swelling of commercial resins, these values would
be even higher. Using the same arguments, the capacity before elution which was 253.8 mg/mL,
should be adjusted to 343.0-488.1 mg/mL or even higher.
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Previous work using very large proteins such as PSII dimers and PSI trimers have shown
a protein loading one order of magnitude higher than commercial resins.22 Non-specific binding
to GO and among GFP proteins and aggregation mediated by Ni2+-ions seem to be the issue that
still needs to be addressed. Such limitations could be overcome by promoting disaggregation of
the layers by reducing the Ni-content and by appropriately tuning purification conditions (e.g.
ionic strength, surfactants, etc…).
Technetium Capture
Table 9: Liquid scintillation counter results in counts per minute (CPM) for 99Tc(V) and 99Tc(VII) with GO and CGO
resins. All results compared to controls of the same 99Tc species with no resin.
99

Difference

Percentage 99Tc
bound to resin

2261

-

-

426703

8951

-

-

375568

370591

5312

5063

1%

155311

162529

157561

4309

269142

63%

372452

356939

361456

363616

7979

12039

3%

TBATcOCl4

264269

268842

277756

270289

6859

156414

37%

GO

NH4TcO4

378696

375805

377009

377170

1452

-1516

0%

GO

TBATcOCl4

275703

287968

296689

286787

10543

139916

33%

GO-NTA

NH4TcO4

373342

356127

365178

364882

8611

10772

3%

GO-NTA

TBATcOCl4

236901

229463

247083

237816

8846

188887

44%

Tc
Species

CPM 1

CPM 2

CPM 3

Avg.
CMP

N/A

NH4TcO4

377497

376335

373131

375654

N/A

TBATcOCl4

418161

425934

436013

CGO

NH4TcO4

371208

364998

CGO

TBATcOCl4

154843

NH4TcO4

Resin

CGONTA
CGONTA

Std.
Dev.

The observation that high Ni metal loadings are measured in GO, CGO, GO-NiNTA, CGONiNTA, GO-bis-NiNTA, and CGO-bis-NiNTA prompted us to measure the capture of
pertechnetate and reduced

99

Tc by the corresponding resin without Ni2+. Therefore, liquid

scintillation studies were conducted of the binding of pertechnetate as NH499TcO4 and reduced Tc
as N(t-Bu)499TcOCl4 on GO-NTA, CGO-NTA, GO-bis-NTA, and CGO-bis-NTA using GO and
CGO as controls (Table 9). These resins and the controls do not capture significant amounts of
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99

Tc(VII). The percentage uptake varies between 0 and 3%. However, a significant uptake was

observed with CGO alone which captures 63% of

99

Tc(V), when GO alone traps 33%. Less

surprising was the fact that CGO-NTA also captures 37% of

99

Tc(V), while GO-NTA captures

44%. The GO-based resin prevails over the CGO-based resin as in the protein study. In this case,
the difference may be attributed to the higher oxygen content of GO with respect to CGO. Also,
reduced

99

Tc seems to show a higher affinity for single COOH groups rather than the COOH

groups on the NTA ligand.
5.4

Conclusion
GO-based resins can be used in combination with centrifugation or ultra-centrifugation

protocols for fast isolation of chemical compounds and biomolecules reversibly immobilized onto
the surface. The IMAC resins synthesized and characterized in this contribution, namely GONiNTA, CGO-NiNTA, GO-bis-NiNTA, and CGO-bis-NiNTA when compared to existing
commercial products exhibit higher volumetric and gravimetric metal density by at least one or
two orders of magnitude. The ligand bis-NTA, here proposed for the first time, may exhibit the
possibility of Ni2+-coordination by the melamine moiety167, 168 in addition to the two NTA groups.
The difference in the ligand structure of NTA and bis-NTA results in different Ni amounts per
ligand but does not affect the total Ni uptake by the resins. It is inferred that Ni is not only linked
to NTA and bis-NTA ligands but is also linked to other functional groups on GO and CGO. Most
likely, vicinal diolate groups on the carbon skeleton can also coordinate nickel with the possibility
to act as cross-linking sites toward the ligands of the same or other layers. In the case of the bisNTA resins, unreacted COOH groups can also coordinate Ni2+ ions.
The higher metal content does translate to higher protein loading capacity. The eluted
amount of eGFP is at least comparable to commercial resins (49 mg/mL). However, additional
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eGFP remains linked irreversibly to the resins in extraordinarily high amounts (about four times
the eluted amount). If these irreversibly bound proteins can be freed by promoting disaggregation,
new IMAC resins with superior performance will become available for academic and industrial
scientists. Diminishing the amount of Ni is expected to decrease undesirable cooperative binding
between layers. Even in the presence of imidazole as competitive ligand, some Ni sites may remain
inaccessible and, due to aggregation, the proteins are not released. Also, the use of surfactants is
expected to decrease non-specific binding to hydrophobic sites during loading and elution steps.
The propensity of the resins to bind Ni in high amounts suggested the possibility of using
these nanomaterials to capture pertechnetate and reduced

99

Tc. The results obtained thus far

indicate that these materials hold great promise. CGO by itself is endowed with the highest
performance in the sequestration of reduced 99Tc (63% of control).
5.5

Future Work
The use of chaotropic and reducing agents, organic solvents, detergents, and salts19 is

expected to increase the protein loading to levels superior to commercially available IMAC resins.
Studies of metal leakage by ICP would be important, as Ni contamination due to losses is very
important in drug research and development. XPS and Far IR could be used to study in more detail
the metal-ligand interactions in the materials. A direct comparison of the performance parameters
of commercial resins and our resin could be conducted in terms of mg of protein per mass of dry
resin.
Ni2+, a d8 cation, has a very rich inorganic chemistry. This ion could be probed
spectroscopically in order to better understand its coordination. DFT calculations could also be
very useful in clarifying bonding patterns in the resins.
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ITLC investigations could be conducted to measure pertechnetate and reduced 99Tc loading
on GO, CGO, and the metal-free resins. More Tc specific ligands could be immobilized on GO
and CGO for even better results.
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